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PREFACE 
 
 
 
 
 
 
 
 
The fourth Conference on Desertification and Land Degradation held on June 19, 2012 brought 
together a group of scientists concerned with global and regional environmental problems. The 
conference, organized by the members of the UNESCO Chair on Eremology, took place in 
Auditorium De Boodt of ICE, the International Centre of Eremology of Ghent University, Belgium. 
The fourth conference, as well as all the other previous conferences on Desertification and Land 
Degradation, follows the objectives of the UNESCO Chair on Eremology focusing on the study, 
assessment and monitoring of drylands and desertlike land conditions and on strategies for combating 
desertification and for preventing land degradation. Those objectives are also within the spirit of the 
late Em.Prof. Marcel De Boodt, founder of ICE, the International Center of Eremology, who passed 
away in January 2012 and to whom this book is dedicated. 
 
 
Em. Prof.dr.ir. Donald Gabriels 
Chairman 
UNESCO Chair on Eremology 
Ghent University, Belgium 
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Abstract 
Many regions in the world are suffering from agricultural drought, i.e., shortage of available water 
for plant growth. Agricultural drought is not only caused by lack of rain, but is very often 
associated with an imbalanced partitioning of rainfall. In many drylands, great amounts of water 
are lost as deep drainage and runoff feeding the blue water resource, i.e., the water in dams, lakes, 
rivers and aquifers, at the expense of green water, i.e., the soil moisture generated from infiltrated 
rain that is available for root water uptake by plants. Moreover, a great part of the green water 
resource is lost as soil evaporation. This imbalanced rainfall partitioning can be improved by 
adopting a variety of soil-water management practices. This article illustrates how water can be 
harvested more effectively and crop productivity increased with some examples of recently 
finished and on-going studies in different overseas continents. However, as soil-water management 
will surely not solve all problems, other suggestions for providing more food and fibre per drop 
hence building resilience against drought will be given. 
 
Keywords: drought, drylands, soil water management, rainwater harvesting 
 
Drought and scarcity of water 
Drought and water scarcity are often in the news. However, there seems to be some misconception 
about the meaning and causes of drought among the broader public. Conventional meteorological 
literature (e.g., Keyantash & Dracup 2002) distinguishes between three types of drought: (1) 
meteorological drought, which refers to shortage of precipitation, (2) hydrological drought, i.e., 
deficiency in surface and groundwater resources, and (3) agricultural drought resulting from 
shortage of available water for plant growth. Although the broader public often associates drought 
with dried out (cracked) soils and crop failure, which typically represent agricultural drought, 
rainfall anomalies (corresponding to meteorological drought) are generally perceived as its main 
cause. Moreover, there is a widespread perception that droughts are nowadays occurring more 
frequently with longer durations of dry spells, and that this is due to global change. 
However, there is little scientific evidence that dry spells increase in length and frequency 
(Stroosnijder 2009). A study in Ethiopia by Seleshi and Camberlin (2006) showed e.g. no 
significant linear trends with time in duration of dry spells during the Kiremt (from June to 
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September) rainy season when analysing daily rainfall data of 11 key stations spread over the 
country from 1962 to 2002. They even found a decrease in dry spell duration at two stations 
during the Belg (February till May) rainy period. As pointed out by Stroosnijder (2009), similar 
observations were made in other studies (e.g., Mazzucatro & Niemeijer 2000; Conway et al. 2004; 
Romero et al. 2007). In a recent study near experimental plots in Sadoré, Niger, we found, using 
daily rainfall data from 1983 till 2010, no significant changes in length of the growing season, 
number of rainy days, and duration of dry spells (Wildemeersch et al. 2013). 
Rather than that rainfall anomalies or longer and more frequent dry spells are responsible for 
more frequent droughts, it is the availability of water for biomass production which is often the 
bottleneck. In other words, agricultural (or human-induced) droughts and dry spells are occurring 
more frequently than meteorological ones, as illustrated in Table 1. 
 
Table 1. Types of water stress and underlying causes in semi-arid and dry subhumid environments (source: 
Falkenmark & Rockström 2004) 
Type of water stress Drought Dry spell 
Meteorological Occurrence: 1 out of 10 years 
Impact: complete crop failure 
Cause: seasonal rainfall below 
minimum seasonal plant water 
requirement 
Occurrence: 2 out of 3 years 
Impact: yield reduction 
Cause: rainfall deficit of 2-5 
week periods during crop 
growth 
Agricultural Occurrence: >1 out of 10 years 
Impact: complete crop failure 
Cause: poor rainfall portioning 
leads to seasonal soil moisture 
deficit to produce harvest 
Occurrence: >2 out of 3 years 
Impact: yield reduction or 
complete crop failure 
Cause: low plant water 
availability and poor plant water 
uptake capacity 
 
The impact of global climate change on increased frequencies of droughts and dry spell might 
therefore be more limited in several regions worldwide than often assumed. According to Wallace 
(2000), climate change may only marginally affect the annual renewable freshwater resources in 
some parts of the world with an increase or decrease of these resources of maximum 10%. 
Moreover, Falkenmark & Rockström (2008) stated that “drylands are in fact not that dry after all”, 
i.e., there are no hydrological limitations to attain much higher yields than currently attained in 
smallholder farming. The apparent decline in availability of water for biomass productions is 
rather due to rainwater partitioning that is becoming poorer. Typically, the amount of available 
green water in the soil is much lower than the available rainfall, due to losses by surface runoff, 
interception flows and deep percolation (blue water), and by soil evaporation (unproductive green 
water), at least on a field scale. On top of that, part of the water present in the rootzone is retained 
at tensions too high for being available to crops. The poor partitioning of rainwater is illustrated in 
Fig. 1, which is a synthesis of data from rainfed savanna agro-ecosystems in sub-Saharan Africa 
(SSA) on controlled research farms (Rockström 2003). Figure 1 shows that in those SSA 
ecosystems, as little as 15% of rainfall is used productively in plant transpiration. Rockström et al. 
(1998) reported that on average, in low-yielding smallholder farming system, yields are in the 
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order of 0.5 t/ha and that in such systems, the productive green water flow as crop transpiration 
can be as low as 5% of rainfall. The poor partitioning of rainwater is very often associated with 
land degradation and particularly deteriorated physical properties of soil (Stroosnijder 2009) such 
as reduced infiltrability and water holding capacity, resulting from inappropriate soil management. 
 
 
Fig. 1. On-farm partitioning of rainwater R into runoff Roff, drainage or deep percolation D,  
evaporation E and transpiration T. S refers to rootzone water storage. Interception by leaves  
is not considered. Values are synthesised data from rainfed savanna agro-ecosystems in  
sub-Saharan Africa (SSA) on controlled research farms (Rockström 2003) 
It might thus be clear that soils and their management play a central role in the occurrence of 
droughts (see Fig. 2), as it directly affects the partitioning of rainwater hence affecting the amount 
of water available for plant growth and thus agricultural drought. Moreover, soil quality does also 
affect the extent of hydrological droughts, since it determines recharge rates of groundwater. This 
slowly moving groundwater maintains streamflow and thus assures continuity of surface water 
resources through base flow, in contrast with storm flow resulting from peak discharge from 
rapidly flowing runoff water (Dingman 1993). Furthermore, soil quality affects the incidence of 
meteorological drought through the so called soil-precipitation feedback (Schär et al. 1999). 
Decreases in evapotranspiration resulting from changes in rainwater partitioning as stated above, 
do directly or indirectly reduce precipitation locally or over long distances. 
However, drought and water scarcity are becoming more alarming with increasing pressures on 
water resources resulting from the massive increase in the world population with all Millenium 
Assessment scenarios showing a global population growth till at least 2050 reaching, with medium 
to high certainty, 8.1–9.6 billion (Millennium Ecosystem Assessment 2005). Parallel with that, per 
capita income is projected to increase two- to fourfold (Millennium Ecosystem Assessment 2005) 
which will lead to changing diets, with increased meat consumption, particularly in Sub-Saharan 
Africa and East Asia (CAWMA 2007). Mekonnen and Hoekstra (2012) estimated that the 
production of 1 kg of beef requires 15,415 lit of water worldwide, whereas the production of 1 kg 
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of vegetables requires 240 lit and of cereals 1,644 lit. In terms of litres of water needed to produce 
1 g or protein, the values are 112, 26 and 21, respectively. Renault and Wallender (2000) 
calculated that for California the per capita water requirement for an American style diet with high 
red meat consumption is 5.4 103 lit, whereas a vegetarian diet would only require 2.6 103 lit of 
water. The real global change our planet is thus facing in terms of pressures to water resources, is 
the changing population density and increased meat consumption. Producing more food and fibres 
per drop of water for this growing population with already limited and highly exploited water 
resources is one of the main challenges in meeting future needs, particularly, in those areas of the 
world with the highest population growth rates (Wallace 2000). 
 
 
Fig. 2. Soil and their management plays a central role in the occurrence of agricultural, hydrological and 
meteorological drought 
Building resilience 
Gunderson & Holling (2001) define resilience as the capacity of a system to undergo disturbance 
and maintain its functions and controls. In the context of this paper, resilience refers in a narrow 
sense to producing sufficient food and fibre, and thus more food and fibres per drop of rainwater, 
but at the same time having a system that is capable to adapt, recover, and remain flexible to 
disturbances in terms of erratic and changing rainfall patterns. In a broader sense it should also 
concern rendering ecosystem services in general. We particularly believe that soils of good quality 
not subjected to degradation are key to a resilient system, as they are the central link between the 
atmosphere, biosphere, hydrosphere and geosphere. They are the main medium for producing 
crops and other biomass on land, and for storing, filtering, and transformation of water, nutrients 
and chemicals (CEC 2006). 
Producing more food and fibres per drop of water can be realized through several options. Firstly, 
given the rather high water demand of producing meat, changing diets towards less meat 
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consumption and thus shifting crop production away from livestock feed (Foley et al. 2011), will 
result in more food being produced per drop for human consumption. 
Secondly, Gustavsson et al. (2011) estimated that one-third of the volume of food is never 
consumed but is instead discarded, decomposed or used by pests along the supply chain. In 
developing countries, more than 40% of food is lost post-harvest or during processing due to 
storage and transport problems. In developed countries, more than 40% of food might be wasted at 
retail and consumer level. Reducing food waste could substantially contribute to providing more 
food for human consumption per drop. 
A third but minor option could be to expand the area under cultivation. At present, agriculture 
occupies 38% of the land surface, with 1/3 being crop land and 2/3 pasture. It is estimated that this 
can increase to maximum 42% in 2050, and this expansion will mainly occur in the tropics where 
land is most vulnerable to degradation (CAWMA 2007). This means that the impact of this option 
in producing more food and fibre per drop will only be very limited. 
Finally, a fourth and major option for achieving more food and fibre per drop is to improve 
crop productivity. This includes a broad avenue of practices aiming at increasing crop production 
per unit of cultivated land and water, such as developing more productive and/or more drought 
tolerant varieties through (slow) conventional breeding or by using appropriate biotechnological 
tools, pest control, soil nutrient management, and agricultural water management, among others 
(Wani et al. 2009). The latter is often associated with irrigation and drainage, and, although there 
is still room for improvements of irrigation systems through increased irrigation efficiency, use of 
waste water or expansion of the area under irrigation, it will only to a limited extent contribute to 
solving the real challenges we are facing. At present, less than 25% of the cropped area is irrigated 
– with less than 5% in Sub-Saharan Africa (Foley et al. 2011), irrigation often leads to land 
degradation resulting from salinity and sodicity or puts great pressure on water resources, and 
capital and knowledge is generally lacking, especially with small-scale farmers, which still 
represent the majority of crop producers. 
In comparison with irrigation and drainage, farmers, research institutes and governmental 
organisations have given relatively little attention to agricultural water management in rainfed 
agriculture, because of the general perception that in rainfed systems water takes care of itself 
(Rockström et al. 2007). However, there is a huge potential for improving crop production in 
rainfed agriculture that still needs to be unlocked. Because of the very small yields currently 
achieved under such systems by resource-poor small-holding farmers, substantial gains are to be 
expected when adopting appropriate rainwater management practices. Rainwater management 
should be the entry point activity when opting for improved crop productivity. Compared with 
irrigation, it can be applied on all agricultural lands (Wani et al. 2009). It includes such practices 
as crop management through e.g. time of seeding, crop selection and plant density, deficit or 
supplemental irrigation in which crops are only irrigated at critical growth stages with rainwater 
harvested in reservoirs, and soil management that focuses on in situ and ex situ harvesting of 
rainwater. The latter will be elaborated in more detail in section 3. 
In order to alleviate the impact of drought by producing more food and fibre per drop, other 
constraints however such as labour shortage, insecure land ownership, capital constraints and 
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limitation in human capacities (Wani et al. 2009), and socio-economic and market related issues, 
need to be taken away as well. 
Although the previous focused on producing more food and fibres for human consumption, 
rainwater management practices applied on a larger scale will contribute to a regreening of the 
landscape, through crops, grasses, shrubs or trees, hence, rendering ecosystem services for society 
in general (Stroosnijder 2009). A boost in biomass productivity (rise in below/aboveground 
organic matter) through such practices could also contribute to an increased carbon sequestration 
and could as such, play a role in mitigating climate change. On the other hand, adopting rainwater 
management practices is an important adaption strategy to climate change (Kottek et al. 2006). 
However, the scope of this paper is on building resilience against drought by producing food and 
fibre for human consumption. This will be illustrated in section 3 with results from some soil-
water management projects we have been conducting around the globe in recent years with the 
focus on in situ and ex situ harvesting of rainwater. Although the principles of such practices are 
well known, there is still a great need for research into their effects on rainwater partitioning and 
crop productivity, so that appropriate and effective measures can be applied in the correct 
circumstances. Comparison of several studies reported in literature show that results are not 
consistent across socio-economic setups, soil types, climate, crops, farm equipment and 
experiments in different regions in the world. Moreover, most research is empirical. Using 
computer simulation models as we do in our research (e.g., Verbist et al. 2012) enables better 
understanding of how rainwater conservation and harvesting practices affect the rootzone water 
balance and the local hydrology and to improve their design. 
 
Soil-water management for increasing plant water availability 
One of the most effective options for better managing rainwater is soil-water management (Lal 
2008). The latter encompasses a wide spectrum of practices to improve the partitioning of 
rainwater hence improving the soil water balance, and ideally integrate the broad scientific 
knowledge and expertise of scientists and extensionists with ‘grass-rooted’ local knowledge and 
farmers’ experience. Such practices range from improving physical soil quality, i.e., primarily 
increasing rainwater infiltration capacity and plant-available water capacity through the use of soil 
amendments, conservation agricultural practices and other field water conservation practices, over 
farming practices such use of mulches and cover crops, to soil conservation practices, and runoff 
and flood water harvesting techniques. Excellent overviews of soil-water management practices 
with experiences from a variety of stakeholders worldwide is provided by WOCAT (2007; Liniger 
2011). Up-to-date information can be found on their website: www.wocat.net. Table 2 gives an 
overview of soil-water management strategies and their purpose, and corresponding management 
options and types for increasing plant available water to improve crop productivity. 
The majority of these practices focus on harvesting of rainwater in its broadest sense. In situ or 
within-field water harvesting has traditionally been termed soil and water conservation practices. 
However, soil conservation practices were primarily aiming at reducing soil erosion where runoff 
was more seen as an enemy than as a friend (Falkenmark et al. 2001). Though very effective in 
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reducing soil erosion, they often did not result in yield increases hence their low adaption rate by 
small-scale farmers. In a narrower sense, Critchley and Siegert (1991) defined water harvesting in 
agriculture as the collection of runoff for its productive use. As such, it is based on the principle of 
depriving part of the land of its share of rainwater (which is usually small and non-productive) and 
adding it to the share of another part in order to meet the water requirements of a given crop 
(Oweis & Hachum 2006). The narrowest, but commercially most-widely adopted approach to 
water harvesting is collection of water from roofs or from specially prepared areas of soil (Krishna 
2005). 
 
Table 2. Soil-water management strategies, their purpose and corresponding management options and 
types for increasing plant available water to improve crop productivity  
Soil-water management 
strategy 
Purpose Management 
options 
Management type 
In-situ water harvesting 
systems 
Maximize 
infiltration 
capacity of the 
soil 
Improve topsoil 
conditions 
− Protective surface cover: cover 
crops, residue, mulches against 
disruptive action of raindrops  
− No or reduced soil disturbance by 
tillage 
− Conservation agriculture 
− Soil amendments 
− Fallowing under cover crops or 
natural vegetation  
− Temporary closure of grazing land 
and subsequent protection 
Improve subsoil 
conditions 
− Deep tillage: subsoiler or 
paraplough to break-up water 
restricting layers 
Slow down 
and/or impede 
runoff 
Increase surface 
roughness 
− Surface cover: cover crops, residue, 
mulches, geotextiles 
− Conservation agriculture 
Apply physical 
structures across 
slope or along 
contour 
− Terracing: level terraces, bench 
terraces, Zingg, fanya juu, 
murundum, contour bund, graded 
channel terrace, orchard terrace, 
platforms, hillside ditches, … 
− Broad bed and furrow system 
− Contour field operations 
− Contour ridges and tied ridges  
− Impermeable and permeable 
contour barriers: stone bunds, 
walls, earth banks, trash lines, live 
barriers 
Harvest 
rainwater 
where it falls 
 
Harvest runoff 
water 
− Microcatchments: contour bunds, 
teras, interrow harvesting, contour 
bench terraces, triangular and semi-
circular bunds (half moon, demi 
lune), eyebrow, hillslope 
catchments, Vallerani, zaï and tassa 
pits, meskat, negarim  
8 Desertification and Land Degradation 
 
Soil-water management 
strategy 
Purpose Management 
options 
Management type 
− Macrocatchments: stone bunds, 
large trapezoidal and semi-circular 
bunds, hillside conduit 
Optimize 
available 
water capacity 
and drainage 
beyond the 
rooting zone 
Maximize water 
retention 
properties within 
rooting zone 
− Soil amendments 
− Increase of organic matter pool 
− Conservation agriculture 
Maximize rooting 
depth 
− Fertilizer/manure to speed up root 
development 
− Deep rooting crops 
− Break-up root restricting layers: 
chemical, biological/agronomical, 
mechanical, soil-hydrological 
solutions 
Optimize drainage 
beyond rooting 
zone 
− Dry (early) planting 
− Recharge wells 
Ex-situ water 
harvesting systems 
Harvest 
rainwater and 
divert 
Harvest 
floodwater 
− Floodwater harvesting within 
stream bed: jessr, liman  
− Floodwater diversion: cascade 
systems 
Harvest 
groundwater 
− Qanat 
Store harvested 
water 
− Above ground: rooftop water 
harvesting in jars and tanks, storage 
pond, lac Collinaire 
− Below ground: cistern 
Evapotranspiration 
management 
Minimize 
water losses 
from 
evaporation 
and 
excessive 
transpiration 
Minimize soil 
evaporation 
− Surface cover: residue, mulches 
− Conservation agriculture 
− Dry (early) planting 
− Seed priming 
− Fertilizer/manure to speedup 
shading 
− Adjust plant density and response 
farming 
Minimize 
unproductive 
plant transpiration 
− Weed control 
− Crop rotations 
− Conservation agriculture 
− Water efficient crops (C4 vs C3) 
Minimize 
excessive 
evapotranspiratio
n 
− Windbreaks and shelterbelts 
− Agroforestry and intercropping 
− Shading materials 
 
One effective option for harvesting rainwater in situ is to optimize the soil’s physical quality, 
particularly its infiltration capacity and available water capacity. Soil amendments have long been 
recognised for that purpose. It should be noted that the term soil amendment and soil conditioner 
are used interchangeably in literature and no clear-cut difference between the two terms are 
obvious. Whereas soil amendment may be used for materials used to improve all types of soil 
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quality, soil conditioner is generally used for materials to improve soil physical quality. As most 
substances that are used to improve the soil’s physical quality also affect its chemical and 
biological quality, we use here the term soil amendment. Over the last years we have tested a 
variety of soil amendments, most of them being waste products of local industries or materials 
being readily available. We found e.g. on loamy sand in Tunisia that mixing the topsoil with 200 
m3 ha-1 of a waste fluid by-product of olive mill extraction, locally called margines, increased the 
infiltration capacity of the soil (Mellouli et al. 1998). This was due to a higher degree of 
aggregation and to a better stability of the aggregates. As compared to the control (untreated soil) 
the large inter-aggregate pores remained even after being exposed to raindrop impact. The 
relatively unstable aggregates of the untreated soil were broken down by impacting raindrops 
resulting in blocking of the largest inter-aggregate pores which consequently led to a reduction of 
the infiltration rate. Cumulative evaporation of the soil initially brought at field capacity and 
subjected to potential evaporation of about 10 mm per day, was after 46 days 28% less as 
compared to the control. The results were much better as when applying the olive mille effluent as 
mulch by spraying or compared with straw mulch (Mellouli et al. 1998). Moreover, windtunnel 
experiments at the International Centre for Eremology of Ghent University showed that the 
amended soil was 43% less sensitive to wind erosion than the control (Abichou et al. 2008). 
When mixing highly permeable sandy soils in Niger with cattle manure and various doses of 
termite mound material, we found significantly better water retention characteristics and higher 
macroporosity as compared to the untreated control (Garba et al. 2011). A greenhouse pot 
experiment showed that tomato (Lycopersicon esculentum Mill.) yield in terms of fresh weight of 
the fruits was much higher in the treated soils, which could have partly been due to their improved 
nutrient status as well. Similarly, when amending loamy sand with three compost types that were 
incorporated in the soil for nine years, its water retention characteristics were improved (higher 
macro and matrix porosity) (Arthur et al. 2011) which was also reflected in higher fresh weight of 
tomato fruits. On highly permeable ferralitic soils in Uganda, Obia and Cornelis (2013) found 
slight improvements in water retention characteristics of the soil, resulting, together with an 
improved nutrient status, in higher yields of snap bean (Phaseolus vulgaris L.). These examples 
illustrate that water and nutrients should be treated in an integrated way. There is a substantial 
interaction between water and nutrients, in that soil water affects the availability of nutrients, and 
vice versa, the availability of nutrients influences the uptake of soil water (Wallace and Gregory 
2002). 
Another possibility for improving the soil’s quality is by introducing conservation agriculture 
based practices. Table 2 shows that conservation agriculture serves many purposes and contributes 
to increasing the available (green) water in more ways than only by improving the soil’s quality. 
According to FAO (2010), ‘CA is a concept for resource-saving agricultural crop production that 
strives to achieve acceptable profits together with high and sustained production levels while 
concurrently conserving the environment. Conservation agriculture is characterized by three 
principles which are linked to each other, namely continuous minimum mechanical soil 
disturbance, permanent organic soil cover, and diversification of crop species grown in sequence 
or associations.’ Apart from improving soil quality in various ways, crop residue reduces the flow 
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velocity of runoff water increasing the time for water to infiltrate, minimizes soil evaporation and 
reduces excessive transpiration as it controls weeds.  In the drylands of Northern China, we found 
on loamy soil that conservation tillage practices such as no till and non-inversion tillage systems 
with more than 30% standing wheat residue substantially increased yields of winter wheat 
(Triticum aestivum L.) grown under monoculture (Jin et al. 2007). The yield increases were 
highest in the driest year of the five-year study (more than 20%). This was attributed to highest 
quantities of water harvested during the four-month rainy season in summer during which the 
fields are conventionally left bare. The increased precipitation storage efficiency was due to higher 
infiltration capacity of the soil and the standing residue slowing down runoff flow velocity and 
reducing unproductive soil evaporation. These higher amounts of water were than successfully 
used in the subsequent winter season attaining higher crop transpiration. Additionally, soil erosion 
(Jin et al. 2008a) as well as soil organic carbon losses (Jin et al. 2008b, 2009a) and nutrient losses 
(Jin et al. 2009b) were found to be greatly reduced by the conservation tillage practices. 
On vertisols in the drylands of Tigray, Ethiopia, we modified indigenous conservation 
practices based on making broad beds with furrows at 1.5 m distance and on narrow beds with 
furrows at 60 cm distance using the local ard plough, so that they comply with conservation 
agriculture principles. Compared to the conventional system, yields of wheat (Triticum sp.) were 
up to 60% larger in the conservation agriculture based system under semi-arid conditions with 
maximum wheat yield of 2.6 ton ha-1 (Tesfay et al. 2011). Moreover, when calculating gross 
margins, which considered all costs and incomes from the different practices, the best technique 
showed an increase of up to 123% (Tesfay et al. 2013). Under dry subhumid conditions, wheat 
yields were still 30% higher and attained a maximum value of 5.2 t ha-1 (Tesfay et al. 2012). With 
all growing conditions being equal, except that glyphosate was added to the CA-based practices to 
control weeds rather than by tillage, the higher yields were primarily due to an improved 
partitioning of rainwater and to an improved nutrient status. 
In Malawi, we found that after four years of conservation tillage on sandy clay loams under 
maize (Zea mays L.), soil water retention characteristics and nutrient status were improved 
(Mloza-Banda et al. 2013). Under the conventional ridge tillage system, soils showed poor 
permeability (for fine textured agricultural soils), with values very close to those below which crop 
production can be substantially impaired by inadequate root-zone aeration, reduced trafficability, 
and increased surface runoff and erosion. On the other hand, those under conservation tillage 
showed values that are ideal for promoting rapid infiltration and redistribution of needed crop-
available water, reduced surface runoff and soil erosion, and rapid drainage of excess soil water 
(Reynolds et al. 2008). 
Available water can also be increased by harvesting runoff water, which is particularly 
effective when seasonal rainfall does not meet the crop water requirements. The idea is then to 
deprive part of the land of its share of rainwater and to add it to the share of another part in order 
to meet the water requirements of a given crop (Oweis & Hachum 2006). In arid Niger, we found 
that on shallow lateritic marginal soils zaï pits and demi lune microcatchments resulted in 
substantial agronomical benefits due to a combined effect of improved soil moisture and nutrient 
status (Wildemeersch et al. 2013). The control treatment only yields straw when manure is 
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applied, whereas zaï produces yields grains similar to those on the deeper fertile soils in the area 
(150-600 kg ha-1) and thereby outperforms treatments with demi-lunes and no-till with 
scarification. Although biological soil quality (nematode count) increased under runoff harvesting 
practices, soil physical quality parameters derived from the soil water retention curve and 
infiltration measurements did not improve significantly, revealing that the significant higher soil 
moisture levels measured by a neutron probe, rather result from the physical form of the applied 
techniques than from improved soil physical properties. Future work will therefore not only focus 
on rootzone water balance modelling, but also on the impact of the treatments on soil chemical 
properties. 
In an afforestation project in arid Chile, we found that microterraces, infiltration trenches and a 
combination of both increased the survival rate of Eucalyptus globulus from 0% to 80%, whereas 
in a semi-arid region in northern Chile, the increase was from 40% to between 75% and 100% 
depending on the practice (Verbist et al. 2013). Survival rates of Pinus radiata increased in the 
arid region from 80% to 100%, whereas they were 100% in the semi-arid region, even without 
water harvesting. However, in terms of tree dry weight, the differences were much more 
pronounced. Even under the wettest climate (semi-arid) the weight increase was more than 800% 
in case of the Eucalyptus trees and more than 200% in case of the less sensitive Pinus trees. We 
found e.g., through computer simulations with a fully coupled physically-based surface/subsurface 
flow model that infiltration trenches reduced runoff under semi-arid conditions with almost 70% 
as compared to the control (Verbist et al. 2009; 2012; Fig. 3). 
 
 
Fig. 3. Soil Left panel: 2D representation of the simulated water depth at the soil surface and in the 
trench at times 0-50 min. Vectors indicate the overland flow direction and velocity at the node level. 
Note that the color scale starts at a water depth of 1x10-5 cm. A white color thus means a zero water 
depth and no overland flow. Right panel: 3D representation of the simulated soil water content expressed 
as saturation degree a) without and b) with water harvesting trench at time 50 min. The lower part shows 
a vertical 2D slice of the soil domain at y=1m and at time 0-40 min (Verbist et al. 2012) 
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In the arid South of Tunisia, we tested whether the cultivated area of an ancient jessour 
floodwater harvesting system could be increased to augment the number of olive trees (Olea 
europeae L.) grown. A jessour, which occupies the runoff course (talweg), consists of a number of 
jessr, which is the hydraulic unit made of three components, i.e., an impluvium or catchment area, 
a terrace or cultivated area and a dyke (tabia). We found that four times more olive trees could be 
grown compared to the number grown by the local community (Gabriels et al. 2005; Ouessar et al. 
2009). 
 
Conclusions 
Most droughts we are facing are agricultural droughts rather than meteorological ones. This means 
that plants are more often suffering from lack of available water rather than from a deficit in 
rainfall. This lack of rainwater is generally due to poor partitioning of rainwater in the soil, with 
high percentages of water being lost from direct use as runoff or deep drainage (blue water) or as 
soil evaporation (unproductive green water), at the expense of water used for crop transpiration 
(productive green water). In order to build resilience against drought hence producing more food 
and fibre per drop of water, various strategies can be followed. However, better management of 
rainwater should always be the entry point when opting for improved crop productivity. We have 
demonstrated that low-cost small-scale soil-water management practices result in small to great 
increases in crop yield and gross margins. Such practices are hence the way forward for alleviating 
rural poverty and improving the livelihoods of the rural poor. However, soil-water management 
alone will not solve all problems. There is a strong need for integrated management with genetic, 
natural resources and socio-economic components.  
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Abstract 
The land degradation of the Dead Sea coastal zones deals with water deficit or excess. The Jordan 
River is the main tributary of the Dead Sea. For the Israeli, the Palestinians and the Jordanians, its 
basin is of immense importance as large percentages of their fresh water are drawn from it. The 
exploitation of this limited resource is enmeshed in the complexities of the Arab-Israeli conflicts. 
The stalemate remains as illustrated by the 2009-2011 feasibility study of the Red Sea - Dead Sea 
Canal to pipe Red Sea water into the Dead Sea. 
When the downward trajectory of the Dead Sea level was first noticed in the 1960s, 
competition between the Arabs and the Israeli for scarce water resources was such that it led to 
hostilities on a number of occasions. In 1967, during the “Six-Day War”, the Israeli doubled their 
access to fresh water resources at the expense of the Arabs. To compensate for the losses, the 
Jordanian Authorities implemented a program to recover all waters available in their territory.  
Since then, the Dead Sea level has been dropping at an increasing rate: from about 60 cm/yr in 
the 1970s up to 1 m/yr in the 2000s. The magnitude of the shoreline withdrawal depends on the 
local bathymetry. In 2012, it reaches several kilometers in the southern part. From the mid-1980s, 
sinkholes appeared more and more frequently over and around the emerged mudflats and saltflats. 
Strong subsidence and landslides also affect some segments of the coast. In the 1990s, the ground 
collapses started threatening and impeding the industrial development of the Arab Potash 
Company and of the touristic resorts in Israel. In 2012, several thousand sinkholes attest that the 
degradation of the Dead Sea coast is worsening. 
 
Keywords: Red Sea – Dead Sea canal, Dead Sea, sinkholes, subsidence 
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Introduction 
The hyper-saline Dead Sea (DS) sits in a closed depression which straddles over Lebanon, Syria, 
West Bank, Jordan, Israel, and Egypt. It is the deepest emerged place on Earth at -426 m below 
the mean sea level. Ordinarily, the terminal lake level fluctuates according to the rain falling into 
the basin, especially in the northern mountainous parts (1200 mm/yr) where the springs of the 
Jordan River, the main feeder, are located. Over the DS surface, about 80 x 15 km, the rainfall is 
70 mm/yr while the evaporation is 2 m/yr. The stability of these arid conditions allowed for the 
development of an original salt karst. 
The DS margins have recorded the variations of the climate in the region of the plate tectonic 
activities along the Jordan – Dead Sea Transform faulted zone, and of the humans’ proliferation. 
Climate and tectonics are slow variables acting on the hydro-geological system as demonstrated by 
the reliable information on the Quaternary level fluctuations (e.g. Klein 1987; Goldreich 2003). 
However, Salameh and Farajat (2007) have shown that some 10,000 years ago, an important lava 
flow reduced the size of the drainage basin from 157,000 km² to the present-day 43,000 km². This 
major amputation led to a very rapid and significant lake level drop (from about -180 m to -390 
m). 
The anthropogenic factor had an important impact on the DS water balance during the 20th 
century. From the 1950s onward, the lake level is rather determined by the industrial/agricultural 
needs of the increasing population in Israel, Palestine and Jordan than the rainfall. In 2012, about 
16 million people living in and outside the DS drainage basin are consuming the fresh waters that 
move toward the terminal lake. Only 60 years ago, they were less than 2 million. The water level 
is (nearly) continuously recorded since 1899 (Bookman et al., 2006). From 1900 to the mid-
1930s, it was around -392 m (Fig. 1) before a 2 m drop occurred. It co-occurred with a major 
inflection in the curve of the basin population. From the 1940s to the mid-1950s, the level 
stabilized at -395 m. In the 1950s, the Arabs and the Israeli embarked on a race to collect the 
waters of the Jordan River. In 1955 the Johnston Unified Water Plan was adopted by Jordan, 
Lebanon, Syria and Israel until the “Six-Day War” in 1967. During that period of 12 years, a new 
sharp drop in the DS level occurred. In the 1960s, the Israelis constructed the 85 km long National 
Water Carrier while, already in 1961, the Jordanians completed the 110 km long East Ghor Canal 
(now called the King Abdullah Canal). At the end of the 1960s, the level stabilizes at -399 m. 
Since then, the rate in the level drop is increasing, ranging from 60 cm/yr in the 1970s up to 1 m/yr 
in the 2000s. Three events took place in the opposite sense during the rainy winters of 1980, 1992 
and 2003. The observed increasing rate is still a consequence of the “Six-Day War”. On the one 
hand, the Israeli occupied the Golan Heights and Mt. Herman, doubling their domestic water 
resources (Rogers 2004). In 1969, they also completed the National Water Carrier to provide 
water to the populations living in the coastal plains along the Mediterranean sea and the northern 
Negev as well. On the other hand, the Arabs lost a free access to the Jordan River. It led the 
Jordanian authorities to conduct an extensive program of dam constructions which has further 
aggravated the shortage of water feeding the DS. In 1994, a new water allocation plan was agreed 
as part of the Israel-Jordan Treaty of Peace, and in September 2002, at the United Nations World 
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Summit, Israel and Jordan announced that they would join forces the build a 310 km long canal 
connecting the Red Sea to the DS. A two years feasibility study was performed between 2009 and 
2011 (Schittekat, 2008; Halgand et al., 2011). In 2012, the realization of this major structure is 
still hypothetical (Schittekat J, personal communication). Even if a canal agreement was actually 
established between the stakeholders, it will last a decade before the DS level starts to rise. In 
being optimistic, the surface shrinkage will not end before (at least) the next 10-15 years. 
 
 
Fig. 1. Dead Sea water level from 1900 to 2012. Between 1913-1927, gaps in the data collection exist. 
An environmental deterioration of the shore lands matches the Dead Sea surface shrinkage throughout 
the widening of the coastal plain. (Source: based on Bookman et al., 2006) 
The lake level drop has undermined the stability of the geomorphic systems around the DS and 
triggered a chain of reactions, impacting the coastal area in the form of extensive (up to 3.5 km) 
exposure of mudflats/saltflats, exposure of steep slopes leading to landslides, and rapid increase of 
areas affected by karstic features such as sinkholes and uvalas (Closson and Abou Karaki, 2009). 
The newly exposed zones are seepage surfaces. Various and complicated erosional patterns are 
developing. Over time, channelling, gulling and head cut migration are occurring. Intensive 
incision of streams and gullies is propagating upstream towards the infrastructures, causing 
damages to the roads, bridges, earthen dikes, and the hotels/recreation areas. The monitoring of 
the land degradation by the means of spaceborne sensors, especially radar, is the purpose of this 
research. 
 
Materials and Methods 
The land degradation was evaluated during the mapping of the ground surface displacements. 
Ground motions occurring from June 1992 to June 2010 have been computed on the basis of the 
processing and the interpretation of ERS, Envisat (Table 1, Fig. 2) and ALOS Synthetic Aperture 
Radar (SAR) images. Four different types of interferometric techniques were used: simple and 
multiple Differential Interferometry (DInSAR), Persistent Scatterers (PS) and Small Baseline 
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Subset (SBAS). The data have been processed with the Sarscape™ software developed by the 
Swiss company SARMAP. The analysis of the deformation fields was carried out inside a 
Geographical Information System (GIS) gathering satellite images acquired in the visible-IR such 
as Landsat (97 scenes), Spot, Aster, Ikonos, GeoEye, and WorldView. Corona (1963-1973) 
scanned photographs, aerial photographs (1958; 1992, 1999) at various scales, and contextual data 
(pictures, reports, proceedings, articles, thesis, paper clips…) collected during repeated field 
surveys and web surfing have provided the necessary knowledge to reconstitute the evolution of 
the landscape during the last 50 years. 
 
Table 1. the radar scenes processed belong to the descending track 078 - frames 2961 (north Dead Sea) and 
2979 (south Dead Sea) 
 ERS-1 ERS-2 Envisat 
Frame 
2961 
1992-06-11 / 1997- 10-11 
12 images 
1995-06-25 / 2009-11-08 
54 images 
2003-01-19 / 2010- 06-06 
32 images 
Frame 
2979 
1992-06-11 / 1997- 10-11 
9 images 
1992-06-11 / 1997- 10-11 
54 images 
2003-01-19 / 2010- 06-06 
32 images 
 
 
Fig. 2. descending track 078 - frames 2961 (north Dead Sea) and 2979 (south Dead Sea) 
The Differential Interferometry technique was introduced at the end of the 1980s (Gabriel et 
al., 1989). The coherent comparison of the radar backscattered signal phase allows the 
measurements of displacements in the order of some fractions of the system wavelength (in the 
order of some cm for ERS and Envisat) over pixels with a resolution of some tens of meters. 
Monti Guarnieri et al., (1993) provided the first demonstrations based on satellite data and 
Massonnet et al., (1993) showed the first dramatic example of this technique for large area 
measurements of small terrain deformations. In the last decade, it became clear that to distinguish 
between real displacements and effects due to other factors like atmospheric turbulences and 
temporal changes of the observed objects, the approach should be extended to the analysis of 
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several images acquired over a long time period for the same area. This opened the domain of 
Interferometric Stacking Processing, where two complementary approaches can be identified in 
the Persistent Scatterers (PS) (Ferreti et al., 2001) and in the Small BASelines (SBAS) (Berardino 
et al., 2002) technologies. Each one improves the reliability and accuracy of the results and add a 
temporal evolution component of the observed displacement. 
For particular processing concerning a specific area, a selection of 60-70 scenes is generally 
possible. The dataset covers the period of June 1992 to June 2010. In parallel to the image 
processing, the collection of precise and accurate geographical locations of land degradation 
(sinkholes, subsidence, landslides) was done during repeated field surveys complemented by aerial 
photographs stereoscopic interpretation and high resolution satellite images analysis.  
 
Results and discussion 
The diachronic analysis of the ground deformations in specific sites (Closson et al., 2011) led to 
the hypothesis that the land degradation is related to the rate at which the underground water is 
flowing toward the lake to compensate for the lowering of the level (Fig. 3, see also Salameh and 
El-Naser, 1999). Fig. 3 does not indicate the type of media in which the water is flowing. Hence, 
the sketches should be adapted from one place to another along the coast. Three identical sets of 
three simplified sketches highlight various aspects of the coastal degradation from the 1990’s to 
present. 
The water level drop is increasing from 60-80 cm/yr at the beginning of the 1990’s to more 
than 1 m/yr at present (Fig. 1). Observations done in several places along the coast led to the 
assumption that the position of the interface between fresh/saline waters is moving seawards while 
the water table is pushed above the DS level, creating a seepage surface. Arrows of various sizes 
depict the speeds at which the water is moving. 
The positions of the interface and the water table in sketches “1990s” are derive (from 
Salameh and El-Naser, 2000). Sketches “2000s” result from observations of sinkholes and springs 
below the lake level in Israel and Jordan at the beginning of the 2000’s (Closson, 2005; Closson et 
al., 2007; Closson and Abou Karaki, 2009). Several studies of the sinkholes affecting the emerged 
areas in Israel and Jordan led to two explanatory models: dissolution of a specific salt layer and a 
flushing model (Abelson et al., 2003; Arkin and Gilat, 2000). Applied to the submarine sinkholes, 
these models need unsaturated or fresh water circulating below the DS level. Submarine sinkholes, 
as seen in Fig. 4, illustrate that the lowering of the lake level induces a massive displacement of 
the groundwater to compensate for the lowering (by an effect of communicating vessels). This 
problem has been analyzed and quantified by Salameh and El-Naser (1999). Sketches of the series 
“2000s” and “2010s” also result from observations of seepage surfaces, showing that the water 
table is pushed above the DS level.  
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Fig. 3. Conceptual model of the land degradation along the Dead Sea coast. Hypothesis based on 
observations in Ghor Al Haditha and the Lisan Peninsula from 1992 to 2012 
 
 
Fig. 4. Subset of a GeoEye image acquired on August 17th, 2011. The area is located north of Ghor Al 
Haditha. The transparency of the shallow water allowed the detection of tens of submarine sinkholes 
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Sketches “2010s” are supported by two independent observations: a) since about 2010, the 
number of submarine sinkholes is increasing drastically. They can be easily detected over very 
high resolution images (Closson et al., 2012) as shown in Fig. 4. 
Fig. 4 supports the arrows of various sizes depicting the speeds at which the water is moving. 
The sinkholes’ size is decreasing from the shoreline toward the sea. This illustrates the gradient of 
speed. Less energy is available close to the interface for the development of sinkholes because the 
fresh water cannot circulate at high speed. In Fig. 4, the interface is situated about one hundred 
meters seawards. The interpretation of past high resolution images and aerial photographs have 
shown that such clusters of sinkholes were absent between 1999 and 2006 (based on the available 
data) and probably before. This argument also supports the dynamics of the system depicted in 
Fig. 3. 
The last argument supporting the conceptual model (Fig. 3) is based on the evolution of the 
diameters of the sinkholes. At Ghor Al Haditha, the size of the sinkholes is increasing drastically 
(Fig. 5). Until the mid-2000s, the sinkholes of Ghor Al Haditha were systematically refilled to 
allow agriculture. During the last 7 years, the number and the size of the sinkholes increased (from 
18 m to 153 m). This fact supports the idea that more energy is available to create bigger cavities 
that moves upward to generate wider sinkholes. 
 
 
Fig. 5. Subset of a WorldView 2 image acquired December 15th 2011. The areas of Ghor Al Haditha 
affected before mid-2000s do not present evidence of sinkholes 
Conclusions 
The degradation of the DS coastal environment is characterized by series of successive steps (Fig. 
3). Elements such as the size of the sinkholes, their number, and their location are key factors to 
assess regularly because they are a reflection of the energy available for the deterioration of the 
land. Regarding the way to manage the human activities is such an environment, techniques such 
as spaceborne radar interferometry or airborne Lidar are suited. The integration of these data into 
a Geographic Information System and their diachronic analysis are effective ways to reveal 
system’s trends to dissipate energy through erosion-degradation processes. 
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Abstract 
A new World Atlas on Desertification (WAD) is being compiled under joint coordination of the 
EC-JRC and UNEP.  Within this framework a repeatable method for assessing land degradation at 
global scale is being developed. The information from time-series of Vegetation Indices (VI) base 
layer is enhanced by calculating productivity and phenological metrics to derive further insight on 
land-productivity dynamics. A scheme of convergence of evidence of combined trend and change 
is implemented and interpretation of land degradation is focused through stratified analysis 
including contextual information. The WAD concept is scale independent. The WAD will 
illustrate this assessment approach and the state of the art of information available to realise this 
global mapping. 
 
Introduction 
The global environment is a common resource and it is becoming more clear that all have 
responsibility to ensure that current and future generations can keep sustaining their livelihoods. 
Trying to respond to growing needs and demands from an increasing population and pursuing 
economic development, the intensified use of the limited available land poses serious threats to it.  
Reduced capacity of the land to keep on sustaining basic services and producing economic 
value, such as food and renewable energy, but also biological and cultural diversity, is a global 
phenomenon. This is called land degradation, in extreme cases desertification, and is driven by 
interaction and inter-dependence of global environmental pressures e.g. climate change and the 
constantly altering impacts of human activities. These often lead to loss of natural productivity and 
biodiversity, which in turn may further aggravate the pressure for and from the populations in 
affected areas. Current estimates indicate a range from 10 to 35% of land surface that is affected 
by degradation (Pimentel, 1998; FWW, 2012; Safriel, 2007). Some 24 billion tons of fertile soils 
are lost per year leading to an estimated reduction of food production of 12% in the next 25 years. 
(Pimentel, 1998; FWW, 2012). Direct economic loss due to reduced agricultural production on 
degraded land has been estimated to range between 7 - 12% as compared with crops on non 
degraded lands (Morales, 2005, 2011). This global threat is recognized by governments and an 
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international convention was created to address this (Reynolds et al., 2011). However, to date 
there is still no accurate estimation of the extent of land degradation. There is a need for improved 
baseline information on land degradation at global scales along with agreed and repeatable 
methodologies and understandable mapping. This paper outlines some of the work done at the 
Joint Research Centre of the European Commission in the framework of compiling a new World 
Atlas of Decertification. 
 
The World Atlas of Desertification 
To address the complex global challenges, decision makers and environmental managers have to 
be able to rely on up to date information on the state and trends of the degradation of the land, its 
causes and effects, and be offered routes for solutions, such as sustainable land management 
options. The JRC coordinates an international activity to compile a new global reference on where 
desertification and land degradation happens, the World Atlas of Desertification (WAD). This 
endeavor is undertaken in partnership with the UN Environment Programme (UNEP) and in 
collaboration with a vast network of the best experts worldwide. The initiative originated from 
requests of stakeholder parties of the UN Convention for Combating Desertification (UNCCD), to 
which the EC and EU Member States are signatory parties. The WAD initiative also envisages to 
contribute to the ongoing indicator discussions within the UNCCD and to bring forth options to 
address the various aspects of the newly set RIO+20 target of ‘striving towards a land degradation 
neutral world’. Further to the implementation of this initiative, the JRC developed an integrated 
concept to approach this stocktaking and also took the lead for the development of a scientific, 
transparent and repeatable methodology for global assessment and mapping, a complex open 
challenge. 
 
Conceptual framework 
The term desertification is defined by UNCCD as: “desertification is land degradation in arid, 
semi-arid and dry sub-humid areas, resulting from various factors, including climatic variations 
and human activities”. Land degradation is defined as “the reduction or loss in biological or 
economical productivity of dryland” by the UNCCD and the MEA. The UNCCD adds some 
complexity to define the human induced nature of the phenomenon by adding “… resulting from 
land uses or from a process or combination of processes, including those arising from human 
activities and habitation patterns, such as:  
(i) soil erosion caused by wind and/or water; 
(ii) deterioration of physical, chemical and biological or economic properties of the soil; 
(iii) long-term loss of natural vegetation.” 
The above UNCCD definition contains geographical restrictions, effectively limiting areas 
under consideration to ‘drylands’, and there has been much argument in recent years to favour the 
global dimension of land degradation. The first scientific conference of the UNCCD Committee 
on Science and Technology (held in 2010 in Buenos Aires, and co-organized by the EC-JRC) 
reconfirmed that land degradation and desertification adversely affect global food production and 
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security, water security, energy security, global biodiversity, and many ecosystem services. They 
also compromise the associated recreational, world heritage and cultural values. In preparation of 
the conference, a group of  experts (DSD-WG1,2009) revisited and reformulated the UNCCD 
definition and recommended the following: 
(a) Desertification is best to be treated as an extreme case and end state of the process of 
land degradation; this latter process is expressed by a persistent reduction or loss of 
biological and economic productivity of lands that are under uses by people whose 
livelihoods depend, at least partly,  on this productivity, yet the reduction or loss of this 
productivity is driven by that use. 
(b) Combating desertification means addressing all stages of land degradation including 
those that precede the level of productivity loss specific to desertification, the one for 
which the one that reclamation, rather than rehabilitation measures are required for 
restoring the persistently lost productivity of the land.  
(c) Land degradation and desertification, as described in (a) and (b), require attention in all 
lands, with special concern directed to all drylands, namely those of climate yielding an 
aridity index ≤ 0.65, whether based on 1950-1980 prevailing climate, and/or on more 
recent climate data. 
Whilst reaffirming drylands as deserving of ‘special concern’, this revisited definition 
recognizes land degradation as a truly global problem and provides a basis for global and 
continent wide assessments.  
Some further consideration are needed when providing information on desertification, land 
degradation and drought to the stakeholder communities in support of policy and decision making 
and for defining adaptation and mitigation strategies and implementation. The framework 
described by the Dryland Development Paradigm (DDP) (Reynolds and Stafford Smith, 2002) 
postulates that Human-Environment (H-E) systems constantly change and are driven by their 
coupled and co-adaptive dynamics, they are rather fluctuating than being driven by steady 
alterations. The DDP sets practical working and boundary conditions which are synthesized in 
Reynolds et al. (2007) as follows: 
(1) Ecological and social issues are fundamentally interwoven. 
(2) Slowly evolving conditions are critical (chronic problems under continual change).  
(3) Nonlinear processes and feedbacks are at stake. 
(4) Cross-scale interactions exist.  
(5) Local environmental knowledge is important 
The WAD concept adheres to these basic principles of the Dryland Development Paradigm 
(DDP). Taking into account these assertions enables to present the complexity of desertification 
and land degradation in a systematic way. However, in view of the basic principles, the status of 
an ecosystem’s component cannot be described by just one measurement or set of observations at 
a single point in time but has to be evaluated within a time window using multiple variables. A 
thematic and functional link at global level is required to assess and map local land degradation 
processes. Therefore global variables will be compiled that can be related to the status and 
dynamics of the environmental resource base. The Millennium Ecosystem Assessment (MEA) 
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considers the evaluation of the capacity for ecosystems to provide services as a robust way to 
quantify land degradation (MEA, 2005). Knowledge on the land use and land use change is a 
cornerstone of the assessment framework as land use represents the exploitation of the ecosystem 
and defines the services that the ecosystem should provide. Land use is accepted to be a prime 
driver for land degradation (Nachtergaele et al., 2010). Further to the biophysical potential, land 
use is conditioned by a number of human factors, such as demographic aspects, e.g. population 
numbers and density, or the economic aspects, e.g. requirements for subsistence or market 
oriented possibilities. Contextual information needs then to be integrated to further explain 
variation of these global variables. Explanatory data layers, whether ‘raw’, composited or 
modeled, need to have the capacity to reflect changes in and interaction between ecosystem 
services at all scales (Sommer et al., 2011). Bio-physical data, such as drought, soil 
characteristics, as well as societal data, such as land use, agricultural yields, will need to be 
analyzed to assess the cause-effect relations.  
Selection of the ancillary information and analysis options are best confined by integrating 
knowledge on the prevalent or potential land degradation problems (Zucca et al., 2012). Within 
the assessment of human driven land degradation, the human factors, also including increasing 
demand, define whether a system is sustainable or not, or is ‘sustainably disturbed’ or not. Non 
sustainable options can tip over to irreversible situations by other external factors such as 
prolonged drought or climate change and lead to land degradation and desertification. Land use 
and land use change stratifications at all scales are a prime information layer for the assessment 
procedure. Geist (2005) identified the above change dynamics at two levels: underlying driving 
forces and proximate causes. Recent studies indicate that there is in fact only a limited set 
(grouping) of factors dynamically at play. Such diverse sets of dynamics are also defined as “LDD 
Issues”. Issues provide a thematic approach to LDD. The below list of main LDD issues is a 
distillation from a large number of this type of studies and is based on Zucca et al., 2012; Fig. 1 
illustrates the main LDD issues that were reported in the National Action Plans:  
(1) Increased aridity and variable drought frequencies 
(2) Loss of vegetative cover and primary production 
(3) Decrease in water availability or excess of water 
(4) Soil related issues: salinization (mainly due to improper irrigation practices); Sand 
encroachment 
(5) Changing population densities 
(6) Rural migration, urban sprawl, littoralisation 
(7) Grazing mismanagement, decrease in primary production in rangelands 
(8) Deforestation, wild fires, forest fragmentation 
(9) Inappropriate agricultural practices, agriculture expansion 
(10) Pollution due to mining or technology 
The WAD structure is based on these issues and will include for each of these basic 
information on the role  and importance in relation to LDD. Issue chapters will document 
variability and transitions, along with the drivers that provoke these, and whether and how these 
changes create H-E system disturbances that can lead to land degradation. The WAD conceptual 
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approach is presented in Fig. 2 reflecting the methodological steps that can be followed for LDD 
assessment at any scale. 
 
 
Fig. 1. Main LDD issues reported in National Action Plans (as of 2010; compiled by Zucca and Della 
Peruta, NRD, Italy) 
 
 
Fig. 2. WAD LDD assessment concept - methodological steps to follow 
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Contributing to a Global Assessment Methodology 
Land degradation is seen as a local expression of regional desertification (Reynolds et al, 2002). 
Land degradation has indeed very local characteristics but by now we know that these are 
thematically very similar over the globe (Geist and Lambin, 2004; Geist, 2005) and repeatable 
global assessment methods can be devised. Building on these recent scientific advancements, the 
new World Atlas on Desertification (WAD) tackles the challenges of scale and aims at illustrating 
the status of integrated assessment at global levels. As outlined above, the WAD will 
pragmatically illustrate aspects of the complex interactions between land and humans, integrating 
components such as soil, plant cover and the way the land is used and managed. Based on the 
LDD issues listed above, of which the dynamics and feedbacks at play are important factors to 
land degradation processes, thematically, yet contextual, global issue based “storylines” are being 
compiled and mapped following the preset WAD concept.  
At global scales, information on vegetation/land cover dynamics is a core component to assess 
the state of desertification and land degradation as result of a combination of 
natural/environmental and human/socio-economic drivers (Vogt et al., 2011; Nachtergaele et al., 
2010). In this context it is proposed to derive information on vegetation cover functioning and 
related land use from productivity indicators and phenological metrics derived from long time 
satellite data series as schematized in Fig. 3 and outlined in Ivits et al. (2012). Using satellite 
imagery series, aspects of ecosystem dynamics are calculated and mapped. Figure 4 illustrates the 
global distribution of the vegetative growing season as calculated from the GIMMS NDVI 1981-
2006 dataset. Derived land-productivity dynamics can indicate levels of sustained land-quality and 
this information is therefore used as first step in the land degradation assessment. Land-
productivity dynamics are calculated as a combination of long term change in standing biomass 
(MI in Fig. 3) and short term evaluation of the level of efficiency of producing sustained levels of 
annual standing biomass (SRI in Fig. 3) with respect to local average conditions over the period 
1982 to 2010. The first part will be based on a qualitative classification of long term trends and 
the Multi Temporal Image Differencing residual change (Guo et al., 2008). This represents a land-
productivity change map. The second part will be based on the Local Net Scaling (LNS) approach 
(Wessels et al., 2008; Prince et al., 2009) as further to the estimation of vegetation production the 
determination of what the “non degraded” reference condition should be, and local deviations, is 
challenging. The Local Net production Scaling (LNS) method estimates the potential or maximum 
production in homogeneous land capability classes using remotely-sensed observations and then 
models the actual productivity of a pixel as deviation from this local potential (Prince et al., 2009). 
This result is the land-productivity current status map. Both maps are then to be compiled into a 
land-productivity dynamics map that is the base layer indicating areas where land-productivity can 
be under stress.  
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Fig. 3. Phenological and productivity variables calculates by de-convolution of NDVI time series 
 
The land-productivity dynamics will then be combined with  climatic variables, drought 
occurrences and bio-physical and human factors that all provoke land use transitions that are 
potentially crucial to land degradation. Addressing one of the major problems in mapping land 
degradation at various scales, this method adapts the assessment to local conditions, through 
adapted stratifications, while keeping thematic compatibility for global scale representation of 
land degradation. The stratification will be based on clustering of the phenological and 
productivity variables into homogeneous units that reflect consistent ecosystem functioning. 
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Fig. 4. Variability of the vegetative growing season length (Standard Deviation of the growing season 
length variable calculated from the GIMMS NDVI series (1981-2006) 
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Making the difference 
The atlas strives at being a pragmatic exercise and illustration of applying at global and regional 
levels the current scientific concepts of LDD assessments that have been described in recent 
literature, and will include the integration of case studies at national/sub-national scales. These 
concepts have been built on the multitude of experiences and solid scientific work performed 
during the last two decades. They include the Millennium Ecosystem Assessment approaches, 
based on evaluation of ecosystem goods and services, the evaluation of complex Syndromes of 
global change and desertification proximate causes and pathways, having in common that they are 
integrating and addressing combined desertification issues in a structured but flexible way. WAD 
will provide up to date information on the state and trends of the degradation of the land, its 
causes and effects, to which routes for solutions, such as sustainable land management options, 
can be coupled. The WAD assessment method will be operationalized to monitor changes in land 
productivity and land degradation that can be useful towards evaluation of land degradation 
neutrality.  
The WAD, to be made available during 2013 as digital information portal and during early 
2014 as published reference atlas, is expected to be the foundation to better address desertification 
and land degradation into the food security, resource efficiency, energy and emissions schemes, as 
well as development and poverty-reduction strategies. The WAD can be an important contribution 
towards reaching the challenging UNCCD goal of net zero land degradation potentially endorsed 
at RIO+20.   
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Abstract 
Technology development for assessing and combating land degradation faces various challenges, 
both in high and low income countries. This paper aims to highlight knowledge gaps on spatio-
temporal soil functioning and on efficiency of soil conservation measures: (1) “What are current 
challenges related to assessing land degradation?”, (2) “What do we know about the impact of 
land degradation on food security?”, and (3) “What is the efficiency of conservation measures?”. 
The discussion encompasses soil degradation at field plot to continental scale, as well as 
bottlenecks relevant to both low and high-income countries. Key issues identified within each 
theme are illustrated using a number of case studies. They illustrate the need for innovative 
approaches to systematic assessments of the dynamic nature of soil functioning and degradation, 
of the  impact of soil degradation on various ecosystem services, to support the identification and 
design of suitable soil management, soil conservation or soil improvement measures. Experimental 
trials and process-based models reflecting ecosystem functioning, though highly time and data 
demanding, are still needed to pursue better local insights and feed process-based land degradation 
models applied at watershed scale. 
 
Keywords: assessment, monitoring, efficiency, soil quality indicators, model-based assessments 
 
Introduction 
The societal need for scientifically validated decision support systems grows in response to 
declining environmental quality, increasing population pressure, competition between food and 
biofuel crops, and trade-offs between food production increases, natural resource conservation and 
livelihood security. According to the principles of land evaluation, environmental impact analysis 
and consideration of appropriate soil conservation measures should be inherent to any land 
development or land management decision support system (Purnell, 1986). Yet, their 
implementation often suffered from several weaknesses related to lack of data, subjective indicator 
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combination procedures, insufficient consideration of risk sensitivity under variable climatic 
conditions, and too little participatory involvement of key stakeholders. Technology development 
for assessing and combating land degradation often faces similar challenges, both in high and low 
income countries. Although a strong linkage between land degradation, food insecurity, and 
biodiversity is acknowledged, extensive knowledge on the real impact of land degradation on 
these related themes is still scarce. Likewise, climate variability is not always included in decision 
support systems and land degradation vulnerability assessments. Moreover, in spite of the 
extensive experimental evidence of numerous sustainable land management technologies that 
increase crop yields and sustain soil resources, adoption by farmers still remains low (Giller et al., 
2009; SoCo Project Team, 2009). This paper aims to highlight some of the current challenges 
related to knowledge gaps on spatio-temporal soil functioning, and on efficiency of soil 
conservation measures. The discussion encompasses soil degradation at field plot to regional 
scale, as well as bottlenecks relevant to both low and high-income countries. Three themes are 
addressed: (1) “What are current challenges related to assessing land degradation?”, (2) “What do 
we know about the impact of land degradation on food security?”, and (3) “What is the efficiency 
of conservation measures?”. 
 
Challenges related to assessing land degradation 
Land degradation, being defined as a reduction in the capacity of the land to perform ecosystem 
functions and services (i.e. land quality) and to assure its functions over a period of time for its 
beneficiaries (Bunning et al., 2011), is frequently assessed using a set of land quality indicators. 
These might reflect the current soil quality status, as well as driving forces, pressures and impacts 
of soil degradation, or responses taken by society. Over the years, different tools have been 
developed to collect and interpret the land quality indicators, including exploitation of expert 
opinion, running participatory assessments, field monitoring and remote analyses using satellite 
imagery. They mainly differ in their spatial and temporal coverage, speed and costs, replicability 
and comprehensibility; and thus need to be selected in accordance with the scale of application, 
available data and time, and the expected accuracy and level of detail. Two case studies illustrate 
current challenges with respect to these indicator systems, as revealed at different scales.  
In 2007, a comprehensive survey of existing soil monitoring sites within Europe was 
conducted within the frame of the ENVASSO project. The median density of these sites on a 50 x 
50 km grid applied all over Europe (Fig. 1) is 1 site per 300 km², which is equivalent to a 
systematic grid of 17 x 17 km. Most of the soils and the land uses of Europe have at least one 
monitoring site, however the density of sites and of the parameters measured is far from 
homogeneous (Morvan et al., 2007).  
Analysis of the soil monitoring site density by indicator, in addition identified also important 
gaps in indicator coverage. Topsoil organic carbon content is currently mostly available at 
European scale as it is routinely measured in the surface horizons during soil surveys and on 
experimental sites. Sites with a quantification of the organic carbon stocks are less numerous 
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however, due to a lack of bulk density measurements in several European countries (Saby et al., 
2008).  
Verdoodt et al. (2009, 2010) assessed the effect of enclosures on the restoration of degraded 
semi-arid rangeland in the Lake Baringo Basin in Kenya. Their study comprised a chronosequence 
analysis of biotic and abiotic indicators of topsoil quality in 3 to 23 year old private and communal 
enclosures. Absence of local reference sites and difference in management, hampered 
interpretation of the restoration rate and success. Although the observed trends clearly identified a 
significant contribution of the enclosure strategy to land restoration, there remained some 
unexplained source of limited restoration success (Fig. 2).   
 
 
Fig. 1. Density (km² for 1 site in the 50 x 50 km EMEP cells) of the European soil monitoring sites 
gathered within the ENVASSO project (Morvan et al., 2007) 
 
Application of the soil quality indicator system to evaluate conservation measures has the 
advantage of high flexibility in choosing the most appropriate indicators. It can cover large extents 
and fits in existing environmental assessment frameworks such as DPSIR. Yet, it also faces a 
number of challenges. Its interpretation is often hampered by absence of locally suitable baselines 
and thresholds. It is not always capable to reveal the impact of specific land degradation 
processes, or their impacts (on- and off-site). Whereas they can be used to assess the efficiency of 
soil conservation measures, they don’t provide decision support with respect to their identification 
or design. 
 
Impact of land degradation on food security 
Soils are increasingly recognized as a cross-cutting theme for food security, climate change, 
biodiversity and desertification, leading to the launch of a global soil partnership. Nevertheless, 
world-wide quantitative evidence of these impacts is not yet available.  
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With respect to impacts of soil degradation on food security, the study done by Ye and Van 
Ranst (2009) is probably the most comprehensive one. Based on the qualitative soil degradation 
classes of ISRIC’s ASSOD map (van Lynden and Oldeman, 1997), the impact of soil degradation 
on food production in China was systematically assessed (Table 1) using grid climatic, soil, crop 
and management datasets and population, urbanization, cropland area and cropping intensity 
scenarios. The spatially explicit assessment showed that the soil degradation impact on crop 
production between 1990 and 2005 was generally management dependent. The impact is largely 
negligible in East China where the management level is high. The average impact in West China, 
where management is low, is evaluated to be as high as 25% losses. The yields of major food 
crops (i.e., rice, wheat and maize) by 2030 and 2050 were projected under three soil degradation 
scenarios: business-as-usual (BAU), double-degradation (2xSD), and no degradation. On average, 
food crops may experience a 9% yield penalty by 2030 if the soil is degraded at the current rate. 
Yield penalty will increase to 30% by 2050 should the soil be degraded at twice the present rate. 
China’s food production capacity tends to decline in the long run if soil degradation is not kept 
under control. 
 
 
 
Fig. 2. Chronosequence analysis of topsoil bulk density and organic carbon stocks in private and 
communal enclosures of the Baringo rangelands, Kenya. Circles indicate unexplained deviations from 
the observed trends 
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Table 1. Relative yield loss (%) by soil degradation impact class and soil management level, based on 
data collected in China from 1990 to 2005 
Impact Input level 
 High Intermediate Low 
Negligible 0 0 10 
Light 0 10 25 
Moderate 10 25 50 
Strong 25 50 75 
Extreme 50 75 100 
 
Efficiency of soil conservation measures 
The adaption of conservation agriculture or other soil protection measures is highly variable and 
generally low in both high- (SoCo Project Team, 2009) and low-income countries (Giller et al., 
2011), in spite of the extensive experimental evidence of numerous sustainable land management 
technologies that increase crop yields and sustain soil resources. Adoption depends on many 
factors including research infrastructure, extension services, socio-economic environment, and 
biophysical conditions and land use systems. More knowledge on the processes and dimensions of 
the measures determining their success or rather failure, on their efficiency in terms of obtained 
yields or contribution to various ecosystem services, as well as the cost to benefit ratio, under 
various environmental conditions, is needed to convince land users of their appropriateness and 
benefits. Two case studies in different agro-ecological zones - one applied in semi-arid Morocco, 
the other in the humid temperature conditions of Belgium - illustrate the need for such applied 
research. 
Moussadek et al. (2011a) assessed the impact of no-till and residue cover on the physico-
chemical, hydrodynamic and mechanical soil properties of Moroccan Vertisols, and related this to 
a number of ecosystem services (Moussadek et al., 2011b). Local farmers adopt no till practices, 
yet without the application of a mulch. Field rainfall simulations after harvest of the wheat crop, 
however, revealed the large impact of residue cover in CA practices on run-off generation (Fig. 3).  
Effective application of the conservation measures therefore requires solving the high 
competition for fodder between the livestock and conservation agriculture practices. Table 2 
summarises topsoil bulk density measured in the 3 treatments at 3 different time steps. No-till 
practices lead to a significantly higher bulk density, confirming the results of many other 
researchers. The observations also suggest a trend towards reduced temporal variability in bulk 
density under no-till with mulch cover. The large temporal variation in dynamic soil quality 
indicators needs to be taken into account and might provide a more comprehensive and realistic 
view on the impact of soil conservation measures. 
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Fig. 3. Effect of 2 rainfall intensities on the cumulative run-off of Vertisols under conventional 
tillage (CT), no-tillage without residue cover (NT0), no-tillage with 50% residue cover (NT50). 
Different letters by rainfall intensity indicate significant differences (Moussadek et al., 2011a) 
Table 2. Topsoil (0-15 cm) bulk density (Mg/m³) of a Vertisol under conventional tillage (CT), no-
tillage without residue cover (NT0), no-tillage with 50% of residue cover (NT50) in Morocco. Different 
letters by row indicate significant differences (Moussadek et al., 2011a) 
Season Stage CT NT0 NT50 
2008-2009 Reproductive 1.25a 1.49b 1.45b 
2009-2010 After harvest 1.45a 1.67c 1.51b 
2010-2011 reproductive 1.31a 1.47c 1.40b 
 
Temporal variations in physical soil quality (Vermang et al., 2009), caused by the interaction 
of weather conditions and timing of field access for harvest, revealed serious constraints to the 
application of continuous reduced tillage in the loess belt of Flanders. Subsoil compaction, 
induced by harvesting under wet soil conditions, persists with time under reduced tillage, 
decreasing soil quality and yields (Vermang et al., 2012). By consequence, the applicability and 
effectiveness of conservation measures depend on many interaction factors, such as hydrodynamic 
behavior of soil with time, management decisions, and weather conditions. Farmers need insights 
in the spatio-temporal functioning of their land in order to take right soil management decisions. 
 
Conclusions 
Trade-offs between ecosystem services require scientifically validated, applicable decision support 
systems for land development and land management. Adoption of demand-driven approaches, in 
response to real problems, inevitably imply the use of relevant data sets and modelling boundaries 
that reflect these real-world conditions. However, in reality, many approaches to land degradation 
Verdoodt et al.                                          41 
 
are built on average climatic data, synthetic soil profiles and simplified production systems. 
Innovative approaches are therefore needed to support systematic assessments of the dynamic 
nature of soil functioning and degradation, of the impact of soil degradation on various ecosystem 
services, as well as to support the identification and design of suitable soil management, soil 
conservation or soil improvement measures. Experimental trials and process-based models 
reflecting ecosystem functioning, though highly time and data demanding, are still needed to 
pursue better local insights and feed process-based land degradation models applied at watershed 
scale. Land resilience and versatility concepts are to be developed. The collected information can 
be translated into suitability and efficiency evaluations of conservation measures. 
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Abstract 
There are contradictory opinions about the extension of soil erosion in Africa. El Swaify et al. 
(1982) represent the standpoint that the rate of soil erosion in Africa is less than in other parts of 
the third world. As for South Africa, our observations and those of other authors point to the fact 
that soil erosion is a serious problem, especially in the south-eastern part of South Africa. Again, 
there are contradictory views about the role of gully erosion (donga erosion) in the total rate of 
erosion.  Natural conditions favour gully erosion in many parts of South Africa. Loose sediments 
like colluvium and saprolites, especially on footslopes are easily erodable. Most of the gullies are 
in the zone of 600–800 mm yearly rainfall. Semi-arid areas are also endangered by donga erosion. 
The role of vegetation is also important. Land use change and overgrazing contribute to an 
accelerated development of dongas. Socio-economic circumstances are important as well. 
Protecting measures dating back to the 17th century were introduced almost exclusively on farms 
owned by white farmers whereas the problem of erosion and gullying became very serious in the 
homelands.  
The main conclusion of the paper is that severe degradation is mainly due to anthropogenic 
factors and mismanagement of the land. So, the protection against the formation of dongas must be 
based on proper land management and land use. 
 
Keywords: gully erosion, colluvium, land use, anthropogenic factors, overgrazing 
 
Introduction 
The significance of rill and gully erosion has become evident during the last few decades. The 
process of gully erosion generates 20–30 cm to 20 m deep gullies (Bergsma, 1996). Although 
there are contradictory views about the share of gully erosion in the total amount of soil loss in a 
catchment, according to our experiences, gully erosion processes are much more important than 
those of sheet erosion, from the aspect of the eroded material. 
Investigating gully erosion processes, similar questions are asked everywhere in the world, i.e. 
(1) What is the importance of surface and near surface lithology? (2) What are the topographic 
threshold values leading to the formation of gullies? (3) What are the characteristic climatic 
conditions, first of all, rainfall amounts and intensities which trigger gully development? (4) What 
is the role of land use and land use change? (5) What socio-economic factors influence gully 
initiation and extension in a given area? 
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As it is well-known, soil erosion leads to the reduction of soil volume and thickness, the fertile 
topsoil will diminish, soil quality and productivity will decrease as well. Declining soil quality is a 
major problem in the third world countries where famine and malnutrition are widespread 
phenomena. 14% of the world’s population famish (Sanchez–Swaminathan, 2005) and the 
majority of starving people live in the third world. Among the factors controlling gully erosion, 
socio-economic factors play a crucial role in the developing countries. 
Gully erosion risk and damage are the biggest problems in the south eastern part of South 
Africa, first of all in KwaZulu-Natal. However, gully erosion is an important land degradation 
process in other parts of the continent, too. According to the assessment of Martin (1987), the rate 
of soil erosion processes is several times bigger than in the Upper Cretaceous period. Gullies are 
called also `dongas' in South Africa and this expression will also be used in this study. 
 
Soil erosion in Africa 
According to El Swaify et al. (1982), the rate of denudation calculated from suspended sediment 
yields in major river systems is less in Africa than on the other continents. The reason for that is a 
less intensive land use in Africa. According to Stocking (1996), better natural conditions play also 
a role in that, i.e. more stable slopes and better sediment storage possibilities within drainage 
basins also contribute to lower denudation rates in Africa. The annual mechanical denudation rate 
in Africa is 0.47 ton ha-1 and the chemical denudation rate is 0.25 ton ha-1 (El Swaify et al., 1982). 
The calculations of El Swaify (1982) are based on the the amount of suspended load of major river 
sytems in Africa. To compare these values with those of Asia, the data in question are as follows: 
1.66 ton ha-1 and 0.42 ton ha-1 respectively. 
Estimates of sheet erosion rates are based on plot measurement data. Plot measurements, 
however, do not provide exact values because a considerable part of the eroded soil accumulates 
on the slope leading to huge differences between the real net soil loss and the soil loss values 
measured on the plot, i.e. the rate of erosion is usually overestimated. Stocking (1986, 1996) gives 
an average value of 50 ton ha-1 for the communal arable fields in Zimbabwe, calculated from the 
SLEMSA model. The author emphasizes that the value mentioned above is probably an 
overestimation. According to Stocking (1996), the rate of soil erosion in Africa is controlled by 
vegetation cover, slope gradient and climatic conditions. Table 1 presents some estimated erosion 
rates from South Africa. Looking at the data, the role of the vegetation cover seems to be obvious. 
The 500–800 mm annual rainfall zone is especially hazardous to erosion (Stocking, 1996). It must 
be noted that all the above assessments are only for sheet erosion by water and wind. It is difficult 
to estimate the extent of rill and gully erosion. 
It must be noted that all the above assessments are only for sheet erosion by water and wind. It 
is difficult to estimate the extent of rill and gully erosion. According to Stocking (1996), the role 
of gully erosion is overestimated and catastrophic erosion events are due to sheet erosion. The 
reason for the highlighted role of gullies is that they are more striking landforms than the ones 
created by sheet erosion. According to our experiments and observations, sheet erosion and gully 
erosion cannot be separated from each other as gullies usually collect water flows and sediments 
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associated with sheet erosion in the same catchment area. The data in Table 1 reflect the 
relationship between gully erosion and sheet erosion in the catchment area of Umsweswe River 
(Zimbabwe). It was stated that gully erosion was responsible for only 13 % of the total sediment 
transport load. 
 
Table 1. Estimated soil erosion rates in South Africa (Stocking, 1984 and Weaver, 1989) 
Location Measurement details Mean annual rainfall (mm) 
Equivalent field 
erosion rate  
(ton ha-1 yr-1) 
Zimbabwe, Henderson 
Research Station 
10-year bare plot experiment, 
4.5% slope 750 127 
South Africa, Ciskei Reservoir sedimentation over 3 
years 550 114 
Zimbabwe, Matopos 
Research Station 
8-year plot experiment, bare, 
undisturbed, 4% slope 400 11 
Zimbabwe, Umsweswe 220 km2 catchment sediment 
yield 750 10 
Zimbabwe, Henderson 
Research Station 
10-year plot experiment, 
complete grass cover, 4.5% 
slope 
750 0.7 
Zimbabwe, Umsweswe 1990 km2 catchment sediment 
yield 750 0.25 
 
The appearance of gully erosion is mainly related to the activity of grazing animals as they 
contribute to the evolution of rills and gullies by treading, e.g.  when cattle are taken to water 
(cattle pads). Human activities also have an effect on erosion (roads, drainage channels etc.). 
The average annual soil erosion in South Africa is 400 million ton yr-1 (Huntley et al., 1989). 
 
Factors controlling gully erosion 
This study deals with the natural causes of ”donga erosion”. We should keep in mind that experts 
don’t share the same opinion about whether natural or anthropogenic causes have a greater role in 
erosion. 
According to Botha (1996), donga erosion is related to specific rock types, geomorphological 
regions and bioclimatic features. Concerning rock types, it is evident that loose sediments offer 
ideal conditions for gully initiation and development. 
Related articles emphasize that the main reason of gully formation is land use change, i.e. in 
the Iron Age farming became more dominant than grazing. That phenomenon accelerated in the 
18th and 19th centuries (e. g. Showers, 1989; Watson, 1996, 1997). In the 20th century 
mechanization and the intensification of farming enhanced gully erosion risk on farmlands to a 
great extent. 
The main reason for the appearance of dongas is the erosion susceptibility of the surface and 
soil parent material. According to some authors (Rienks et al., 2000), land use change and 
population growth are not the most important factors controlling gully erosion but natural 
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conditions play the most significant role. In my opinion, natural factors can be considered as 
preconditions for donga erosion and anthropogenic factors accelerate the process.    
Slope sediments (colluvia) are very important controlling factors of gullying in Africa, 
especially in Central and South Africa where they account for 20 % of surface sediments (Adams 
et al., 1996). The types of parent rocks are diverse: sandstone and shale are dominant in 
Zimbabwe, KwanZulu-Natal, Lesotho and Orange Free State; granite and granodiorite in 
Swaziland; Precambrian volcanic and sedimentary rocks in West Transvaal; the Bushfeld volcanic 
rocks in the northern part of Transvaal and granite in Botswana (Watson et al., 1984). 
Gully systems and badlands develop on colluvial sediments almost everywhere. Gullies occur 
in areas receiving 600–800 mm average annual rainfall. According to Botha et al. (1994), 
colluviums formation and donga development are very much interrelated, i.e. dongas were filled 
with colluvial sediments several times. In Zimbabwe and Swaziland colluviums development took 
place in the upper Pleistocene. This colluvium formation can be related to the process of filling in 
and burying the gullies. Consequently, gullies were formed prior to gully infill. Presumably these 
processes happened approximately 10 000-30 000 years ago. According to Botha et al. (1992), the 
formation of colluvia took place in Natal 14 500-30 000 years ago. Colluvium formation was 
accompanied with a significant vegetation cover decrease and karroid-type vegetation developed 
under dry climate conditions according to the evidence of pollen analysis.      
The origin of debris layers in colluvia is debated. The location of debris layers and debris 
stripes is also disputed: it’s not sure whether they are autochton or allochton. 
 
The role of subsurface erosion 
Surface erosion can be accompanied by below-surface, or near-surface processes. The process of 
piping was first mentioned by Henkel et al. (1938) in reference to a so called ”Estcourt” soil which 
is equivalent with solonec in the South African soil taxonomy. The phenomenon was explained by 
soil shrinkage and the differences between the permeability of the A and B horizons. Downing 
(1968) and Beckedahl (1977, 1998) highlighted the importance of seasonal weather fluctuations 
and dispersion of soils as further important factors promoting the formation of vertical fissures. 
Accordingly, the role of dispersion in piping is evident and proved in South Africa. The large 
rate of exchangeable Sodium is coupled with low aggregate stability. According to Watson et al. 
(1984), chemical properties of the subsoil are important in the evolution of dongas as soon as the 
B horizon with low permeability is eroded and the underlying soil will be exposed to rain. 
Consequently, there is a strong relationship between the occurrence of dongas and dispersive 
materials. 
On the other hand, piping and gully erosion can occur in non-dispersive materials as well, for 
example in some areas in Hungary (Gergely et al. 2009, Kertész 2009). In certain parts of Eastern 
Cape, KwaZulu Natal and Lesotho rock parameters (exchangeable Sodium, Sodium adsorption 
ratio and dispersion ratio) don’t exceed the critical values (Rooyani, 1985; Beckedahl, 1998; 
Walker, 1997). According to Rooyani (1985) and Yaalon (1987), physical soil properties are more 
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important than physico-chemical properties, hence the presence and the amount of replaceable 
Sodium is less significant than sudden changes in soil texture and structure. 
According to Beckedahl (1998), pipig is more important in donga evolution than previously 
supposed. His study shows that piping increases the amount of soil loss coming from surface 
erosion by 77 %. He also established that piping results in 0.7–14.2 tons of soil loss per hectare. 
After investigating 148 piping holes, he concluded that piping is not only due to soil chemical 
properties but it can be related to physical and hydrological characteristics of the soil. 
 
Case studies 
A review of relevant case studies related to gully erosion and badland evolution will be presented 
below. 
Numerous gullies and badlands were formed in the Sneeuberg, Great Karoo (Boardman et al., 
2003). The Karoo plateau is built up mainly from the so called Karoo rock formation consisting of 
various strata accumulated 130-300 million years ago. The sandstone beds are very sensitive to 
gully erosion. The Karoo plateau is situated between 28°–33° latitudes, the average elevation a.s.l. 
is 1000–1500 m. It is a dissected plain with table mountains built up from horizontal strata. The 
investigated area of Sneeuberg belongs to the Great Escarpment. Gullies and badlands were 
formed on colluvia and on alluvial sediments. 
Climatic conditions are very important from the aspect of gully and badland formation. As 
mentioned before, the highest sheet erosion activity is in the region of 500–800 mm annual rainfall 
and in the semi-arid areas. The climate of the Karoo plateau is semi-arid with 200–400 mm annual 
precipitation. Wet and dry years change after 16–20 years (Tyson, 1986 and Folland, 1998). 
The vegetation in the endangered areas is mostly scrub and grassland.  The vegetation is degraded 
in the areas of Karoo because of soil erosion. Grazing land is the typical land use and as it is well-
known it promotes erosion. 
Badlands develop on footslopes of valley-sides with gradients <10°. The badland areas are 
mostly a combination of sheet, rill and gully erosion. The main wagon throughfares were also 
ideal preconditions for the formation of dongas.  The final conclusion of Boardman et al. (2003) is 
that vegetation and land cover changes played the most significant role in gully development. 
Overgrazing was also an important trigger of vegetation degradation. In the investigated area 
dongas are relatively new features in the landscape. There are no cut and fill sequences in the area. 
On the other hand, active gully development is proved from the period of 1937–1960 related to 
high stock numbers and to the disturbance of vegetation (Boardman et al., 2003). 
A donga is shown in Fig. 1 from the area of Bergville. The gully developed on a loose 
colluvium with paleosoil horizons. The formation of the gully is triggered by overgrazing. Fig. 2 
was taken in the same area showing a very dense dissection of the footslope. 
Gully erosion is not only a recent process. At the end of the Quaternary period intensive gully 
incision occurred, sometimes in cut and fill cycles. 
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Fig. 1. Headcutting donga near Bergville with branches endangering the houses in the vicinity 
(photo by the author) 
 
Fig. 2. Dongas cut in colluvium near Bergville (photo by the author) 
 
Botha et al. (1994) investigated late Pleistocene gully erosion in KwaZulu-Natal trying to 
reconstruct and date the events of the last 135 000 years. The processes of gully erosion and 
colluvium formation continued in the Holocene. Botha et al. (1994) carried out research in Ulundi 
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and identified a colluviation period which occurred in the upper Pleistocene on the upper slope 
sections and was related to donga erosion. The age of it is 1.42 ± 0.60 ka (radiocarbon method) 
and 1.77 ± 0.25 ka (IRSL és TL method, resp.). The processes of donga erosion and colluvation 
became active again during the last few centuries. 
The extension and rapid increase of gully erosion can be observed also in Swaziland (Morgan 
and Mngomezulu, 2003) hindering sustained agricultural production since the 1930s. Gully 
formation is mainly due to surface erosion rather than subsurface erosion.  Besides gully erosion, 
the damage caused by sheet erosion and drought is also remarkable. Mushala et al. (1997) 
investigated more than 2500 dongas. Some gullies cover areas up to 50 ha and they are more than 
25 m deep. 
Deeply weathered saprolites are widespread in the Middleveld of Swaziland. The dongas were 
formed mainly on colluvia and on the low stability saprolites. Saprolites have low structural 
stability and therefore highly succeptible to erosion. On the other hand, reclamation of saprolites 
by vegetation after erosion damage is a fast process and saprolites will be the soil parent materials 
for the developing soil. Their vulnerability is due to the low clay content, the lack of organic 
matter and the low values of cementing pedogenic oxides (Scholten, 1997).  
Soil erosion processes are similar in Swaziland and Lesotho in spite of differing geographical 
conditions. In Lesotho there is a catastrophic erosion hazard since the 1930s (Pim, 1935). Soil loss 
values on arable land are low despite spectacular dongas in the area (Rydgren, 1992), except in 
some parts of the area. Sedimentation rates in reservoirs are < 10 t ha-1 (Chakela, 1981). The 
period of gully erosion seems to have passed and splash erosion and sheet ersosion are more 
important today (Chakela, 1981). According to Strömquist (1992), historical and land use factors 
are more important than natural factors. 
At local scale, however, geological, geomorphological and pedological conditions are crucial. 
 There is also an evidence on donga erosion processes in the Western Cape Province. In 1947 
Talbot published a review of those processes in Swartland and in Sandveld. The area has a 
Mediterranean-type climate with a growing semi-arid character of Stellenbosch. The vegetation is 
a type of shrubland, but arable land takes over and natural vegetation is scarce. Gully density 
diminished compared to the conditions of 1938—1989, from 12.3km-2 to 1.8 km-2 (Meadows, 
2003). The reason for that is the successfully applied conservation measures. 
 
The role of socio-economic factors 
In the middle of the last century the problems related to soil erosion, especially gully erosion 
became evident and measures were carried out against erosion risk. In 1941 the Forest and Veld 
Conservation Act 13 made it possible that the privately owned land which needed reclamation 
could be expropriated. That measure and other regulations affected mainly farmlands owned by 
the white farmers. Funding was also provided to reclaim the land so actions to combat erosion and 
to reclaim the land could be carried out as well. 
Donga development, and soil erosion in general, induces the biggest environmental problems 
in the homelands of the black population where almost nothing can be done against land 
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degradation due to overpopulation of people and live stock. As a consequence of that, various 
kinds of land degradation are much more severe than degradation on the farms producing goods 
for the market. 
Another important feature is that farmland area diminishes with growing population. More and 
more land will be taken for construction purposes, rangeland decreases and the animal stock 
increases leading to further land and landscape degradation problems. Population growth can be 
also beneficial from the aspect of farm management and soil conservation as it is observed in 
Swaziland (Rickson, 1997). 
 
Conclusions 
Factors triggering gully erosion are similar in South Africa to those in other regions around the 
globe. The main issue is whether we accept the statement that the role of gully erosion is more 
important than that of sheet erosion. The answer given in this paper is that sheet and gully erosion 
processes are difficult to differentiate from each other because sheet erosion transports a 
remarkable amount of sediment into the gullies. Without a doubt, gullies are very striking features 
while the traces of sheet erosion are less spectacular.  
Another important question is the role of natural and anthropogenic facors in gully erosion 
processes. In case of South Africa, the role of parent rock is undoubtful, gullying takes place 
mostly on colluvia layered by paleosols and on loose saprolites. Overgrazing and unproper arable 
cultivation are very significant factors in the areas where natural conditions are given for donga 
initiation and for an accelerated development. Homelands are especially endangered because of 
overpopulation and excessive animal stocks. Climatic and vegetation conditions are also decisive, 
i.e. the highest risk occurs in the zone of 600–800 mm yearly precipitation and in semi-arid areas 
where scrub and scarce vegetation give little protection and in those territories where the 
conditions of revegetation are limited. 
The main conclusion is that if the conditions of gully development are given, gully 
development will start. An extensive and accelerated degradatation, however, can be observed in 
the areas where mismanagement promotes it. The elaboration of protection and prevention 
measures should also correspond to that, i.e. the initiation of dongas and their futher development 
can be hindered when proper management is applied.  
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Abstract 
From the seventies, facing a critical degradation of natural resources, Mauritania has implemented 
programs to fight against desertification. In particular, the city of Nouakchott has faced both to the 
invasion by sand and sea because of the degradation of the dunes that surround it. The 
systematization of primary fixation and biological fixation techniques of sand dunes has achieved 
significant results on both continental dunes and coastal dunes. These efforts cost around 850 
USD/ha (2008), excluding costs of structure and supervision. This cost is probably much lower 
than the opportunity costs of protected infrastructure or civil engineering costs to remove 
mechanically the sand dunes threatening. 
 
Keywords: Nouakchott, coastal dune, sand dune fixation, biological fixation, costs 
 
Background 
Successive droughts that hit the Sahel in general and Mauritania in particular since 1972 have 
resulted in degradation and thus desertification in different ecosystems, especially in the area north 
of Sahel. That climatic and human pressure exerted on the natural resources resulted in disastrous 
effects on the environment among which can be mentioned: 
- A chronic lack of rainfall; 
- A lower level of water tables; 
- Standing dead vegetation; 
- The rupture of the natural balance resulting from the modification of all ecosystems; 
- The remobilisation of aeolian dunes by the effects of strong hot dry winds, blowing 9 
months a year, and formation of new types of silting threatening socio-economic 
infrastructure; 
- The loss of arable and pastoral areas; 
- Depletion of population, 70 % living in rural area; 
- The profound changes in lifestyles of a population most of whom were nomadic, the 
most harmful change being massive uncontrolled settlings. 
To address this situation, the Mauritanian government, with assistance from its development 
partners, has developed a national policy to fight against desertification. 
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The first generation of projects implemented as part of this national policy had aimed essential 
at the development of simple and efficient control against sand encroachment and at the 
restoration of degraded ecosystems. 
Methods 
The process of developing techniques for reforestation of degraded ecosystems and fixation of 
mobile dunes comply with two essential steps: 
- Primary fixation of shifting dunes; 
- Biological fixation by dune planting. 
 
Primary fixation of shifting dunes 
This operation is essentially based on the principle of windbreaks. Wind is the main cause of 
shifting dunes, by flying, rolling or saltation of sand grains. This put in motion depends on two 
factors: wind speed and size of sand particles. Lightweight grains are the first to be mobilized, but 
their kinetic energy can cause an avalanche effect even for heavier particles. Control of the wind 
speed is the key factor chosen in Mauritania to reduce or stop the movement of sand. 
 
Counter-dunes 
For this, fences of sufficient height (1.20 to 1.50 m) and with suitable permeability (30-40 %) are 
placed perpendicular to the prevailing wind direction. These fences aim at establishing physical 
barriers commonly referred to counter-dunes. 
 
Crosswinds 
In certain zones of the country (including Nouakchott), high crosswinds are blowing for much of 
the year, contributing to move sand. The action of these crosswinds, joined to that of the 
prevailing wind, gives the shape of longitudinal dunes encountered on the Mauritanian territory. 
To deal with the action of these winds, barriers (fences) are placed on the flanks, parallel to the 
counter-dune. Therefore, a network of fences is built on the dune, called wattling (Fig. 1), whose 
density varies with the dune model. 
 
 
Fig. 1. Wattling on dune (Extension of the green belt of Nouakchott) 
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Dune models 
In Mauritania we find four types of dune models: 
- Isolated barchans; 
- Barchanic fields or collection of barchans; 
- Linear or «sift» dunes  
- Wind veils. 
According to the experience developed in Mauritania, the processing of each dune model 
requires a determined density of wattling. 
 
Isolated Barchans 
The treatment of this type of dune (Fig. 2), known for its aggressiveness due to its quick moving, 
requires in areas where wind is coming from various directions, a wattling with mesh of 10 m wide 
(10 m x 10 m square), that means: 2.200 linear meters (l.m.) of fence per hectare. 
 
 
Fig. 2. Crescent-shaped isolated barchan 
 
Collection of barchans 
In areas where wind is multidirectional and sand is abundant, barchanic fields (Fig. 3) arise whose 
treatment requires a crossed wattling (Fig. 4). The square mesh sizes from 20 to 25 m, that means 
1.200 to 1000 l.m./ha. 
 
  
Fig. 3. Barchanic field Fig. 4. Isolated and collection of barchans 
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Linear or «sift» dunes 
The density of wattling for the treatment of this type of dunes depends on ridge heights of the 
dunes (Fig. 5 & Fig. 6). The higher the ridge (over 10 m), the higher the density of the wattling. 
Typically the mesh size varies between 25 and 30 m, that means 1 000 to 900 l.m./ha. 
  
Fig. 5. Longitudinal dunes (exposed to wind 
blowing predominantly from two directions) 
Fig. 6. Transversal dune (formed by coalescence 
of barchans exposed to wind blowing 
predominantly from one direction) 
 
Wind veils 
The treatment of this type of sand encroachment (Fig. 7), the less aggressive, usually requires a 
wattling size not exceeding 50 m per side, or 600 l.m./ha. 
 
 
Fig. 7. Wind veil 
 
Materials used for primary dune fixation 
Several types of material are used for primary fixation of dunes (Fig. 8). In some cases, use was 
made of synthetic materials (asbestos cement sheets, films or plastic mesh). These materials are 
generally expensive, difficult to handle and sometimes harmful to the environment. 
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Fig. 8. Wattling made using nets 
 
In Mauritania, the primary fixation is mainly made up with plant material, usually branches 
obtained by targeted harvesting, or by maintenance of woody or semi-woody plantations. The 
following species are commonly used: 
- Euphorbia balsamifera Ait. (Fig. 9) 
- Leptadenia pyrotechnica (Forsk.) (Fig. 10) 
- Palm spines of date tree Phoenix dactylifera L. 
- Prosopis juliflora (Sw.) (Fig. 11 & 12) 
 
  
Fig. 9. Fences with Euphorbia balsamifera  Fig. 10. Fences with Leptadenia pyrotechnica  
  
Fig. 11. Fences with Prosopis juliflora Fig. 12. Fences with Prosopis juliflora 
 
Average cost for installing fence: 0.65 USD/l.m. 
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Biological fixation by dune planting 
Four essential steps must be taken into consideration to guarantee results in the long run: 
- The choice of species to use; 
- The production of high quality seedlings; 
- The actual planting; 
- The maintenance and protection of plantations. 
 
Choice of species 
In Mauritania species selection is usually based on: 
- Adaptation to arid and semi-arid conditions; 
- The growth rate; 
- Adaptation to the dune soils (deep and robust rooting); 
- The ability of the species to grow in association with others. 
 
Production of seedlings (nursery) 
In Mauritania, the production in nurseries (Fig. 13 & 14) starts on or before April, to make sure 
only seedlings are large enough, and well lignified with well developed roots, for the first rains. 
The production of high quality seedlings is made bare rooted or in containers, from seeds or from 
cuttings. It requires: 
- A healthy plant material (seeds or cuttings); 
- A soil free from pests and with physical properties suitable to the destination place; 
- A skilled workforce; 
- An organization of work performance; 
- A close technical supervision. 
 
  
Fig. 13. Placing pouches in nursery beds Fig. 14. Watering in the nursery 
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Nursery tasks 
For some woody species (for instance Acacia), it is necessary to soak seeds in hot or cold water, or 
immersion in sulphuric acid to speed up germination. The soak time varies depending on the 
hardness of the seed. The seedling is usually made in plastic pouches with a number of seeds 
depending on germination rate: typically 2 to 3 seeds per pouch for woody plants and 4 to 5 for 
grasses. Tests of planting bare root have been made to improve the shape of the root, but the 
planting is very difficult to conduct and the rate of recovery is very irregular. 
For the production of cuttings, branches are harvested from healthy selected trees, using only 
vigorous shoots well lignified. Cutting equipment (secateurs) must be very sharp to avoid any 
harm (injuries). The size of the cuttings used in the nursery should not exceed 25 cm for easy 
maintenance. They are then stocked for a few days until visible recovery (emission of roots). The 
cuttings are then transferred in containers or every 10 to 15 cm directly in the seedbeds (bare 
root). Protection of seedlings and cuttings against drying winds often is necessary. It is done 
through the establishment of a windbreak around and inside the nursery. 
Plant care is a methodical, regular and continuous task throughout the stay of nursery plants. It 
includes: 
- Thinning out of seedlings (one plant remaining per bag or hole), about 15 days after 
germination; 
- Copious and regular watering (at specific times of day), 2 times a day to start, gradually 
reduced (once a week) up to the end of production for lignify plants; 
- Hoeing and weeding every week; 
- Pruning of roots to promote the development of secondary roots (every 2 months for 
containers and every 2 weeks for bare root). 
Average cost for producing a seedling: 0.25 USD/plant. 
 
Plantation 
In Mauritania, plantations (Fig. 15) occur in the beginning of the rainy season (usually in August), 
as soon as the connection between the residual moisture in the soil and the moisture brought by the 
rains is gained.  
 
 
Fig. 15. Plantation 
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The planting density of 100 and 200 plants per hectare, combining various species, is organised in 
squares or staggered rows. Each species is planted in the area most favourable for its development 
on the dune. This low density avoids competition between the trees after their full development 
while allowing the installation of a grassy cover naturally or by seeding. 
Biological fixation of previously stabilized dunes requires the following steps: 
- The verification of the depth of moisture: planting is conducted after a significant 
rainfall, but if the deep profile moistened by rain is not sufficient to achieve the level of 
residual moisture in the dunes, watering will be brought to moisten the soil between the 
wet zone and the basis of residual roots (about 1 L per cm of dry soil); 
- Marking of planting holes; 
- Holes digging; 
- Extraction and transport of seedlings; 
- Actual planting; 
- Watering (20 to 30 L per plant) in the event of rainfall deficit (see above); 
- The final cover of the place with dry sand, after planting. 
Average cost of planting, including watering: 0.30 USD/seedling. 
 
Plantation care 
Care to plantations on the short, medium and long term includes: 
- Restocking of dead plants; 
- Controlling area (no or limited access for men and cattle) by watchmen and/or fences; 
- Grazing and/or wood harvesting (with monitoring in order to maintain a balance between 
growth and levies). 
Cost of guarding for 5 years: 75 USD/ha (15 USD/ha.year, excluding the fences) 
 
Estimated total cost 
Primary fixation: 0.65 USD/l.m. for fences 
Seedling production: 0.25 USD/plant 
Plantation with watering: 0.35 USD/plant 
Guarding: 15 USD/ha.year 
Assuming an average extension for fences to 1000 l.m./ha, a planting density of 200 plants/ha, 
a rate of 20 % restocking and duration of guarding (watchmen) of 5 years, the average cost for 
fixing one hectare is equivalent to 850 USD/ha (2008), excluding cost of structure, supervision 
and management. These costs represent mainly wages and their social impact is very important. 
Compared with the opportunity costs for mechanized transport of sand or infrastructure 
relocalisation threatened by the dunes, both unsustainable solutions, the weight of the investments 
is quite acceptable. 
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Practical method and constraints for fixation of coastal dunes 
Fixation of coastal dunes 
The practical methods of reforestation of the coastal dunes (Fig. 16) are identical to those used to 
biological fixation of continental dunes. 
The tests that have been implemented in Mauritania have mainly concerned the restoration of 
gaps in the beach barrier to ensure the protection of socio-economic infrastructure against sea 
intrusions at high tide. The method is to combine the wattling of the target area to stabilize the 
sand yet in place and the installation of a front fence (facing the sea), parallel to the coastline, to 
trap sand deposited by ocean currents and transported by trade winds. The progressive burial of 
the front fence fills in the breach and completes the coastal dune. 
 
 
Fig. 16. Fixation of coastal dunes 
 
The advantages of this technique compared to the reconstitution of the coastal dune by using 
mechanical means are: 
- Reduced costs; 
- Simplicity, ease and durability of the implementation; 
- Approach using a high intensity of labour, generating income for local people; 
- Suitable with the principles of the fight against environmental degradation. 
 
Constraints and recommendations 
Constraints encountered in Mauritania as part of the implementation techniques for fixation of 
coastal or continental dunes can be summarized by the following: 
- Need for local workforce well trained; 
- Need for a work of species selection and use of species well adapted to the targeted 
ecosystems; 
- Use of vegetal materials for mechanical stabilization of the dunes that could harm the 
environment; 
- Difficulty to protecting (guarding) the treated areas to achieve the objectives; 
- Very rigorous and regular work; 
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- Advising by specialists; 
- Systematic and continuous monitoring; 
- Taking into account the risk of recurrent rainfall deficit. 
Accordingly, it is recommended to: 
- develop training, especially for technicians and team leaders, but also for local 
associations involved; 
- maintain the requirement of high quality of work performed; 
- avoid massive and isolated interventions whose failure due to climatic hazard would be 
very overwhelming and demoralizing, but also because of the pressure on natural 
resources in already threatened ecosystems; 
- promote moderate and progressive actions, but multipliable in space, in order to spread 
risks while restoring environment on a large scale. 
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Abstract 
Drought is one of the most damaging recurrent natural disasters, specifically in the Eastern 
Mediterranean. The recent droughts in Syria and Lebanon were the worst ever recorded in 
decades. These events have produced negative impact on agriculture production, natural 
vegetation growth and water shortage. 
Therefore, an operational drought monitoring system is essential for the agricultural and 
water sector and ultimately for sustainable development. Drought indices have been used in 
the past to assess drought severity. Most of these indices used climatic data, satellite images or 
ground measurements. The recent availability of cost free satellite images on near real time 
has boosted drought monitoring applications. Monthly time series NDVI and LST were 
produced from MODIS data. Maximum Value Composite method was applied to reduce the 
effect of clouds. In this research, two satellite-derived indices are used for drought assessment 
from 2000 till 2010, namely Vegetation Condition Index VCI and Temperature Condition 
Index TCI. From the combination of both indices the Vegetation Health Index VHI is derived 
that delineate drought conditions. The identification of the most affected areas by drought in 
the eastern Mediterranean was derived from drought frequency and length of drought cycle.  
Historical drought and wet events were used for the validation of the drought monitoring 
system. In 2010, 20% of the crop area in Lebanon and Syria was affected by drought and 
dramatic migration of rural population was reported from the northern part of Syria. 
With the developed Software DICE (Drought Indices Computation and Evaluation), the 
different drought indices were calculated and assessed.  
 
Keywords: drought, VHI, MODIS, Eastern Mediterranean, monitoring 
 
Introduction  
Drought is a major natural hazard with varying patterns in space, time, and intensity. It is 
affecting large areas and millions of people every year. According to the IPCC, climate 
change will lead to a change in the frequency and intensity of droughts across the world.  In 
fact, the most robust conclusions emerged from the climate change assessment report are: (a) 
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an increased probability of extreme warm days and decreased probability of extreme cold days 
and (b) an increased chance of drought for mid-continental areas during summer.  
The recent occurrence of prolonged drought conditions in various Arab countries has 
emphasized the need for adequate monitoring tools of drought events. In fact, changes in 
climatic conditions are predicted to be mainly severe in the Eastern Mediterranean and the 
Middle East. This has been assessed in the framework of the Syrian and Lebanese National 
Communication report presented to the United Nations Framework Convention on Climate 
Change (UNFCCC). The main results of these studies revealed that the average warming in 
Syria and Lebanon for the year 2041 will be higher than 2 °C. Precipitation is expected to 
decrease dramatically, with minor increase occurring in summer. Also, it considers that 
extreme drought in 2007 and 2008 affecting Syria and Lebanon were evidence of climate 
change.  
This study seeks to investigate the potential application of remotely sensed data 
particularly that from the MODIS sensor on board the TERRA polar-orbiting satellites in 
area1 mapping of recent droughts in the Eastern Mediterranean. Combined with weather data, 
satellites can be an invaluable complimentary tool to monitor drought. 
A joint-venture project between the Lebanese National Council for Scientific Research and 
the Arab Institute ACSAD were launched to develop an operational and near real time drought 
monitoring system by integrating satellite and climate data. The goal of the project is to 
deliver timely geo-referenced information (in the form of maps and geospatial data) about the 
patterns of drought-impacted vegetation in Lebanon and Syria. 
 
Description of the study area 
The Eastern Mediterranean (Fig. 1) is a region of special natural setting. It is affected by the 
sea, source of moisture and mild weather to the west. But there is also a barrier ridge of high 
and rugged mountains, aligned parallel to the coast, going eastward leading to the Arab desert. 
That display results in localized zones of different microclimates. So, this makes it very 
sensitive to climate change and environmental alterations.  
 
Fig. 1. The study Area 
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Total annual precipitation varies highly depending on the region. It ranges from 100 to 150 
mm in the northwest parts of the study area, 150 to 200 mm from the south towards the central 
and east-central areas, 300 to 600 mm in the plains and along the bottom-hills in the west, and 
800 to 1000 mm along the coastal zones, increasing to 1400 mm in the mountains. 
Lebanon and Syria has suffered from devastating droughts causing a decline in water 
sources and unfruitful harvest seasons in the last four years.  This drought event had major 
socio-economic impact mainly in the agriculture sector and rural population. Dramatic 
migration of rural population was reported from the northern part of Syria. Different 
combinations of measures are required to allow the affected population to remain in their 
villages.  A drought monitoring system is required to assist UN organizations and public 
sector in the prediction of the affected area by drought events.    
 
Materials and Methods 
A drought monitoring and early warning system should be established to provide timely 
information on drought intensity and extent to those responsible for drought management. To 
this end, the following steps should be taken: building a system that can capture, analyze, and 
transfer drought information in a timely fashion; this information can reduce impacts if 
delivered to decision makers in a timely and appropriate format and if mitigation measures 
and preparedness plans are in place. Considerable progress is being made in drought 
monitoring and early warning systems in many countries (USA, Afrika, China, Australia).   
 
The methodology consists of following main steps (Fig. 2):  
 
• Development of time series satellite images Database 
• Data processing, including development of basic drought indicators; 
• Timely acquisition of near real-time remotely sensed data; 
• Generation of drought condition maps; 
• Timely dissemination of early warning products; 
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Fig. 2. Structure of the monitoring system 
 
Drought Indicators 
Diverse drought indicators were developed based on climatic station data. Two well known 
indices were used mostly in different regions the Palmer Drought Severity Index (PDSI) and 
the Standardized Precipitation Index (SPI). PDSI was the first drought index developed in 
USA (Palmer, 1965). It is derived from temperature and precipitation data. It is more complex 
than the SPI drought index. The SPI, developed in 1993, shows precipitation deficit and 
excess over a variety of time scales. Longer intervals affect groundwater, stream-flow and 
reservoir storage. Shorter intervals are helpful in estimating soil moisture, which is very 
important to farmers and responds fairly immediately to rainfall or the lack of it.  
The disadvantage of climate-based drought indicators is their lack of spatial detail since 
they are valid for a single location. In addition, meteorologically-based indices are dependent 
on data collected at weather stations. Some areas have very sparsely distributed stations and 
this affects the reliability of the drought indices. 
The development of earth observation satellites from the 1980s onwards equipped with 
sensors mainly in the optical domain opened a new road for drought monitoring and detection. 
The new technologies allowed for the derivation of truly spatial information at global or 
regional coverage with a consistent method and a high repetition rate. Numerous indices were 
developed to describe the state of the land surface, mainly of vegetation, with the potential to 
detect and monitor anomalies such as droughts. A good overview on the first generation of 
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remote sensing based drought monitoring is given in Gutman (1990), while Kogan (1997) 
provides an update almost one decade later. 
The most prominent vegetation index is certainly the Normalized Difference Vegetation 
Index NDVI (Tucker, 1979) that was first applied to drought monitoring by Tucker and 
Choudury (1987). This study triggered several derivatives for drought monitoring such as the 
Vegetation Condition Index VCI (Kogan, 1990, 1995). The VCI is represented by the 
following equation: 
 
   (1) 
 
The VCI changes from zero for extremely unfavorable conditions to 100 for optimal 
conditions, where NDVImin and NDVImax refer to the absolute minimum and maximum 
NDVI measured for a given month over a multi-year series of image data. NDVI refers to the 
current year NDVI for the same month. 
In addition to the information derived from the optical domain, also the thermal channels 
were exploited resulting in the retrieval of land surface temperature estimates (LST). This 
indicator is related to water stress conditions in vegetation. Kogan (1995) proposed the 
Temperature Condition Index (TCI). The TCI is defined according to the following equation: 
 
    (2) 
 
Where TCI is equivalent to VCI but based on Land Surface Temperature (LST).  
In fact, several authors have used the combined responses of reflected (e.g. NDVI, VCI) 
and thermal (e.g. LST, brightness temperature) products to provide a more ecological and 
physical interpretation of remotely sensed data for examining vegetation conditions (e.g. 
Gutman 1990, McVicar and Jupp 1998). This innovative approach assumes a strongly 
negative correlation between NDVI and LST, due to an increase in evaporation along with a 
decrease in soil moisture, caused by higher temperatures, resulting in a decline in the 
vegetation cover (Nemani and Running 1989, Lambin and Ehrlich 1996). For example, 
McVicar and Bierwith (2001) use the ratio of LST and NDVI (LST/NDVI) to provide a rapid 
means of assessing drought conditions. 
Most promising was the Vegetation Health Index (VHI) proposed by Kogan (1990). 
Following the above-mentioned hypothesis, Kogan (1995) proposed another index, which is 
an additive combination of VCI and TCI: 
 
       (3) 
 
Where α is the relative contribution of VCI and TCI in the VHI. In most published analyses, α 
has been assigned a value of 0.5, assuming an even contribution from both elements in the 
combined index, due to the lack of more accurate information (Kogan, 1997). The VHI has 
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been applied for different applications, such as drought detection, drought severity and 
duration, early drought warning (Seiler et al. 1998).  
Our study will focus on determining the VHI index which serves to identify drought event. 
 
Data for monitoring drought 
Countries with a long history of satellite imagery programs like the United States are 
increasing the number of satellites and imagery products that are available to users of these 
data throughout the world making more of their products available to users. More data is 
creating new opportunities for monitoring drought and vegetation. 
Vegetation indices can be developed from the MODIS imagery to estimate the vigor or 
water status of plants. The MODIS images are available at 250, 500 and 1000 meter spatial 
resolutions. Other variables available from MODIS include reflectance, temperature, aerosols 
and others. Imagery for a given MODIS satellite image product is taken every 16 days. 
 
Data processing of MODIS HDF tiles 
MODIS images are typically distributed as HDF (Hierarchical Data Format) 10 by 10 arc 
degree-tiles, projected in the Sinusoidal projection. Both HDF format and Sinusoidal 
projection are not supported in many GIS software. Therefore, before you can use MODIS 
images, you will need to run some pre-processing to glue the tiles and coerce the data in a 
more usable format. We are interested to obtain monthly 1 km resolution MODIS Land 
Surface Temperature (LST) and NDVI images (these dataset are known by the name 
“MOD11A2” and "MOD13A3"), resample them to our local projection system, and then 
export them to a more common GIS format, namely GeoTiff. These tiles can be 
browsed/obtained directly via NASA's server.  
Next, we need to known the h/v position of the MODIS blocks. For example, we want to 
generate NDVI and LST images for the whole area of Lebanon and Syria. This area covers 2 
MODIS tiles: h20v05 and h21v05. Once we have downloaded all tiles of interest, we can 
mosaic them into a single image. To do this, we use the “MODIS Resampling Tool” that you 
should have already installed on your machine. We do not need the complete image, but only 
values of NDVI and LST for our area of interest. In other words, we need to resample this 
mosaic using the “resample.exe” of the MRT. 
The size of the images is very huge to be processed. Generation of monthly data will 
reduce the quantity of data. Of course, derived dataset will be less accurate in temporal 
resolution. 
Monthly NDVI Dataset is generated from the raw dataset. These Dataset are generated 
using the maximum decision rule. The images generation was performed by a model created 
under the Imagine Modeler Maker. 
The Maximum NDVI decision rule employs the selection of highest NDVI pixel values 
from a scene to make a composite consisting of maximum reflectance of the image area over 
the chosen period of time.  
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Monthly LST Dataset is generated using the average of the weekly dataset developed 
within the Imagine Modeler Maker.   
 
Software Development 
Automating the data processing can substantially improve the timeliness and reliability of 
drought monitoring and early warning systems.  
Therefore software was developed to calculate drought indicators. The software is named 
DICE (Drought Indices Computation and Evaluation). It is a graphical user interface (Fig. 3), 
sought to calculate and assess different drought indices. The purpose of DICE is to provide 
easy-to-use software that facilitates the calculation of different drought indices and trend 
estimations, saving users time and effort. DICE tools and libraries are independent from any 
other existing .net libraries, facilitating the distribution and use of the program without the 
concern of expired licenses.  
 
The objectives of DICE are: 
• Evaluation of time series image analysis using different methods (e.g. VCI, TCI, 
 DCI, etc.) 
• Map the development and variability of vegetation cover (Trend Analysis) 
• Calculation of Gridded SPI  
• Identify areas in which the desertification and drought (Hot Spot) or vegetation 
growth (Bright Spot) have occurred and/or is currently under development. 
 
 
Fig. 3. Graphical User Interface of the software  DICE 
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Results and discussions  
The Vegetation Health Indicators (VHI) maps at monthly frequency produced by DICE 
software were classified into 5 classes presenting the status of vegetation: extreme drought 
(<10%), severe drought (between 10 and 20%), moderate drought (between 20 and 30%), mild 
drought (between 30 and 40%) and no drought (> 40%). This classification was proposed by 
Bhuiyan in 2002 (Bhuiyan and al. 2006). These VHI maps were overlaid with the 
administrative layers to assist in the interpretation of the results. VHI maps were generated for 
the period between January 2010 and April 2011 during the peak of vegetation cycle in the 
region (Fig. 4).  
In January 2010, the state of vegetation is very positive throughout the Lebanese-Syrian 
territory, except in the region of Aleppo where there was a severe drought that covers 
approximately 100 km² and a moderate drought, which covers an area of 207 km². This severe 
drought became between moderate (76 km²) and mild (168 km²) in the month of February, 
while in Lebanon in the North of Meten, there was a severe drought conditions as well as in 
the region of Qoubayat and Koura. 
 
 
Fig. 4. Vegetation Health Maps 
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In March, the areas of Hama, Aleppo and Idlib, Quneitra and the south of Tartus in Syria 
are affected by extreme drought. In addition, a severe drought affected the plain of Ghab 
(where cross Orontes River). The Lebanese coastal zone is affected by a moderate drought. 
In April, the extreme drought strike had a greater extent than in March, the drought persists 
in the western part of Hama (1288 km²) in the north of Aleppo (1263 km²). Note that a mild 
drought began to appear in northern Rikkah (819 km²) and Al Hassakah (1300 km²). 
The results of this study clearly show that the spatial and temporal characteristics of 
drought in Lebanon and Syria can be mapped from MODIS data. VCI images derived from 
the NDVI time series describe very well the past episodes of drought in the two countries. TCI 
index has improved the performance of the index VCI providing more information on water 
stress of vegetation and consequently, the risk of fire and spread of disease. The combinations 
of these two indices assist to generate the VHI index. The advantages of these indices reside 
first in the ease of application and then in the availability of free MODIS data. 
 
Conclusion  
A prototype system for drought monitoring based on remote sensing technique is described. It 
is very useful in monitoring such phenomena using long term time series satellite images. 
Every 7 to 10 years, Lebanon does experience a drought period, sometimes it last for a 
period of 3 years or more. The 1988–91 droughts, for example, reduced Lebanon’s internally 
renewable water supply by 40% (Darwish and Faour, 2008; Darwish et al., 2010).  
Concerned ministries, departments, and NGOs recognize the importance of developing a 
national drought policy/ strategy and are willing to collaborate on the development and 
implementation of this policy/ strategy.   
Data on meteorological and hydrological indicators, soils and agricultural statistics are 
available. Ministries and other parties are willing to share this information as cooperating 
partners in the development of a national drought strategy.   
No drought early warning system is currently operational in Lebanon, although is it one of 
the principal components of a national drought policy and strategy. One of the main 
components of the World Bank project run within CNRS is the establishment of a drought 
early warning unit at the National Center for Remote Sensing which should be an integral 
component of a national drought strategy. 
There are currently a reasonable number of automated weather stations operating in 
Lebanon.  Some progress has been made on networking these stations.  These stations, once 
identified need to be networked and become part of the drought monitoring and early system 
that must be developed as part of the national drought strategy and the drought early warning 
unit at CNRS.  The retrieval of data in a timely manner from these stations is critical for the 
delivery of information to decision makers at all levels. 
Lebanon would benefit greatly from networking with other centres of excellence in 
drought management located outside and inside the Mid-East region for training and 
technology transfer.  
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It is concluded that Lebanon would benefit greatly from the development of a national 
drought strategy directed at building institutional capacity to cope with recurring drought 
episodes. 
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Abstract 
Information is needed about the spatial and temporal variability of rainfall patterns and of rainfall 
concentration for assessing soil erosion, land degradation and desertification as well as for 
proposing soil and water conservation strategies. 
Monthly precipitation data from 56 meteorological stations in the Andean region of Venezuela 
was analyzed by calculating the Precipitation Concentration Index (PCI) and the Modified 
Fournier Index (MFI) to evaluate the rain distribution and rain aggressiveness, respectively. The 
indices were analyzed using an univariate and geostatistical analysis adjusting semivariograms to 
theoretical models. For mapping the spatial distribution of indices, a punctual kriging interpolation 
method was carried out, generating the appropriate file, which was finally edited in ArcView. The 
results pointed out that the Andean Region shows a high and very high rainfall aggressiveness 
over 70% of the territory, while the distribution of rainfall was moderately seasonal. Rainfall 
aggressiveness, in combination with the predominance of a sloped relief increases the risks of soil 
degradation; with the annual rainfall ranging from 500 to 3900 mm. Interannual variations of the 
indices were also analyzed for some meteorological stations. The Andean region presented a high 
interannual variation in the precipitation, rainfall distribution and rainfall aggressiveness. 
 
Keywords: Geostatistics, Modified Fournier Index (MFI), Precipitation Concentration Index, 
(PCI), Interannual variation, rain aggressiveness, Venezuela 
 
Introduction 
Rainfall is a major factor especially in rainfed agriculture, and in recent years interest has 
increased in learning about precipitation variability for periods of months to years. 
As the origin of rainfall erosivity is linked to climate dynamics, there is a need to apply climate 
analysis methodologies to the study of the erosivity or rainfall aggressiveness factor (Angulo-
Martínez y Beguería, 2009). Understanding the nature of spatial and temporal variability of 
precipitation is important to improve the predictability of climatic events such as ﬂoods and 
droughts (Joseph et al. 2000). 
Rainfall erosivity can be quantiﬁed by several erosivity indices evaluating the relationship 
between drop size distribution, intensity and kinetic energy of a given storm. One of most widely 
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used index related to soil loss from erosion is the R factor from USLE or RUSLE (Wischmeier, 
1959; Wischmeier and Smith, 1978; Renard et al,. 1994). The calculation of the R factor is 
difficult in areas like Venezuela, as it is necessary to have detailed information on rainfall 
(intensity and energy) by requiring a continuous record of changes in rainfall intensity during 
different rain events. In addition, the existing rain gauge network is scarce and irregularly 
distributed. 
For these reasons, rainfall erosivity indices have been developed exclusively based on 
precipitation volumes. Among them are the Modified Fournier Index (MFI) developed by 
Arnoldus (1980) and the Concentration Index Precipitation (PCI) described by Oliver (1980). The 
first index allows evaluate rainfall aggressivity, and the second one to quantify the periodic 
variation of the rainfall. 
Mapping the rainfall erosivity and distribution at a regional and basin scale is still an emerging 
research question. Such maps allow for a better comprehension of the processes with geographical 
imprint as well as the application of these methodologies to large spatial areas. They are also an 
important step for large-scale soil erosion assessments, soil conservation management of natural 
resources, agronomy and agrochemical exposure risk assessments (Winchell et al., 2008). Results 
of rainfall erosivity and rainfall distribution cartography and interannual variations can be used for 
the planning of land use and management.  
The aim of this paper is to evaluate the variability of the distribution and aggressiveness of the 
precipitation in the Andean region of Venezuela. 
 
Materials and Methods 
The study was conducted in the Andean region of Venezuela, comprising Mérida, Táchira and 
Trujillo States, covering around 2,625,000 hectares. 
For the development of this work monthly precipitation information was available for the 
period 1970-2000 and this from 56 meteorological stations in the Andean region of Venezuela 
(Fig. 1). 
A quality control was performed on the climate data to define missing data, to identify outliers 
and to evaluate the distribution of the series, using programs as INFOSTAT v.1.1 (Infostat, 2011) 
and Vesper , v.1.6 (Minasny et al., 2002). 
To quantify the periodic variation of the rainfall we used the Precipitation Concentration Index 
(PCI), which can be calculated by the following equation, where p is the monthly rainfall, and P is 
annual rainfall; 
 
2
2
100
P
p
PCI i∑=  (1) 
 
According to Michiels and Gabriels (1996), PCI of less than 10 suggests a uniform 
distribution; values from 11 to 15 denote a moderate seasonal distribution; values from 16 to 20 
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denote a seasonal distribution. An index above 20 represents strong seasonal effects, with 
increasing values indicating an increasing monthly rainfall concentration. 
 
 
Fig. 1. Location of weather stations in the Andean region of Venezuela 
 
In order to evaluate climate aggressiveness the Modified Fournier Index (MFI) is used, which 
can be calculated by the following equation, p is the monthly rainfall and P is the annual rainfall: 
 
∑
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Statistical analyzes for generating mapping included four stages as described in Lobo et al. 
(2010): (1) an univariate analysis to determine and to establish common statistical parameters of 
the data structure of the climate variables, (2) a geostatistical analysis, which allowed  to establish 
the variation model, where experimental semivariograms were fitted to theoretical models in order 
to obtain the characteristic parameters of the pattern of spatial variation: range (m), nugget  and 
sill variance, (3) mapping the spatial distribution of climatic variables by interpolation using 
punctual kriging technique, and (4) editing and map generation of the annual rainfall 
classification, PCI and MFI using the program ArcView. 
In order to observe the interannual variations of precipitation the indices graphs were 
developed for three representative stations in the region with different rainfall aggressivity classes. 
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Results and discussion 
Results of the univariate analysis for annual rainfall, IFM and PCI in representative stations, with 
different kinds of climatic aggressiveness of the Andean region are presented in Table 1. With 
respect to the evaluated variables (annual rainfall, MFI and PCI), the weather stations show a high 
interannual variation, especially in Carache, with lowest annual rainfall. Similarly, the amplitude 
between maximum and minimum values in the assessment period is very high. 
 
Table 1. Univariate analysis of the mean annual precipitation (PP), IFM and ICP for three meteorological 
stations Guamas (1), Carache (2) and Uribante (3) in the Andean region of Venezuela 
Variable  Precipitation PCI MFI 
Station  (1)  (2) (3) (1)  (2) (3) (1)  (2) (3) 
Mean  1208,2 664,1 3879,9 12,5 12,8 11,6 149,8 85,0 451,1 
Standard 
deviation  261,7 166,6 457,4 1,7 1,8 0,8 32,3 26,6 49,4 
Variation 
coefficient  21,7 25,1 11,8 13,5 13,9 7,2 21,6 31,3 11,0 
Maximum 1765,5 
1115,
1 4713,8 16,4 18,6 13,7 206,8 191,6 578,0 
Minimum 753,5 396,2 2242,4 10,0 10,6 10,0 87,2 47,4 306,4 
 
The annual precipitation in three different meteorological stations (Fig. 2) shows a high 
interannual variation with respect to mean value. 
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Fig.2. Interannual variation of the precipitation for three stations 
The same situation occurs with respect to the annual variation and relative to the mean values 
with PCI and MFI indices (Fig. 3 and Fig. 4, respectively). MFI values found in the station 
Uribante are much higher than those classified as very high by Arnoldus (1980). 
 
 
Fig.3. Interannual variation of the precipitation for three stations 
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Fig.4. Interannual variation of the Modified Fournier Index (MFI) 
There is a high variability of rainfall in the Andean region, with more uniform precipitation 
values in Merida and Trujillo states (500 - 1500 mm) and higher values of precipitation to the 
southeast of Tachira state, surpassing the 3900 mm. The high variability of rainfall (Fig. 5), 
combined with the high slope, make this region of the Andes an area with high susceptibility to 
water erosion problems. 
 
 
Fig.5. Rainfall distribution in the Andean Region of Venezuela 
 
The map of  MFI (Fig. 6) shows the degree of climatic aggressiveness that characterizes the 
region under study, with values ranging from 85 to 420 with an increase of the index to the central 
and southern Andes, specifically in Tachira state, classified according to Arnoldus (1980) as very 
high (> 160), covering about 32% of the total area. Piedmont areas and the south of Lake 
Maracaibo presented high values of MFI (120-160), occupying about 43% of the area. The highest 
zones of Merida and Trujillo states (25% area) had a moderate MFI (90-120), indicating areas 
with moderate rainfall aggressiveness. 
PCI values between 11 and 14 reflect a rainfall distribution as moderately seasonal throughout 
the Andean region (Fig. 7). 
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Fig.6. Spatial distribution of the Modified Fournier Index (MFI) 
 
 
 
Fig.7. Spatial distribution of the Precipitation Concentration Index (PCI) 
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Conclusions 
The rainfall in the Andean region shows a high annual variability, from about 500 mm in Trujillo 
and Merida to over 3900 mm in Tachira. 32% of the Andean region has a very high climatic 
aggressiveness (MFI> 160), specifically in Tachira. 43% of the region presents a high climatic 
aggressiveness (MFI: 120 - 160) and 25% shows a moderate climate aggressiveness, especially in 
the higher mountain areas. The rainfall distribution is moderately seasonal throughout the Andean 
region (PCI: 11.8 – 12.8). The Andean region has a high interannual variation in precipitation in 
terms of rainfall distribution and rainfall aggressiveness.  
The spatial and temporal variation of the precipitation in combination with a sloped relief 
increases the risk of soil degradation, especially soil erosion. 
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Abstract 
Reduced tillage (RT) is applied worldwide as an alternative of conventional tillage (CT) in order 
to alleviate soil erosion problems, to reduce production costs and to maintain soil quality. Results 
from former studies in Belgium are promising, including reduced runoff and soil loss, equal crop 
yields for most crops and equal or slightly improved soil quality for RT fields. Most previous 
research, however, did not study experimental fields over multiple years, thus obscuring temporal 
effects of CT or RT. In this research, three fields in the loess belt of Belgium and Northern France 
were monitored for several years in order to reveal inter-seasonal variability in soil erosion and 
soil physical quality, and thus more comprehensively assess the effects of tillage practices on soil 
functioning. A comparison was made between conventional tillage and reduced tillage by means 
of shallow (15 cm; RTs) or deep (25-30 cm; RTd) non-inversion tillage. One field had a sandy 
loam topsoil (Kruishoutem, BE) and was under RT since 2004. Two fields had a silt loam topsoil 
(Heestert, BE and Radinghem, FR) and were under RT since 2001 and 1997, respectively. Soil 
processes and soil properties measured included runoff and soil loss under simulated rain, field 
saturated hydraulic conductivity (Kfs), penetration resistance, bulk density, total porosity, soil 
organic carbon (SOC) content and aggregate stability. 
The data revealed large differences between years as a result of the interplay between soil 
management and climatic conditions. In years that harvest and primary tillage were executed under 
dry soil conditions, RTs and RTd proved to maintain soil quality with some soil quality indicators 
improving. As a result, both runoff and soil loss were significantly lower on RT fields. A higher 
penetration resistance was recorded between a depth of 15 and 35 cm for RT. Bulk density,  Kfs 
and macroporosity were generally not significantly different between tillage treatments. The SOC 
content showed a stratification for RT fields, with SOC content being higher for RT between 0 and 
10 cm depth, equal or higher than CT between 10 and 20 cm and lower below 20 cm depth. The 
higher SOC contents at the soil surface of RT fields promoted the formation of aggregates with a 
significantly higher aggregate stability. 
In years that harvesting was executed under wet conditions, the soil was compacted and this 
adversely influenced most soil properties. RTs and RTd proved less able to alleviate soil 
compaction, especially when primary tillage was also executed under wet circumstances. 
Therefore, a strong decrease in soil quality was found in these years, proving that RT is not always 
suited for climates with frequent wet conditions during the harvest season. Consequently, runoff 
was higher on RT fields, although soil loss could both be lower or higher as compared to CT 
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fields. Especially RTs proved to increase runoff and soil loss after compaction. Penetration 
resistance and bulk density increased strongly in years when harvest and tillage operations were 
executed under adverse conditions compared with years when harvest and tillage were done under 
good soil conditions. As a result,  Kfs and aggregate stability decreased, irrespective of the tillage 
practice applied. When comparing between tillage treatments on years showing compaction, RT 
had a significantly higher penetration resistance than CT, an equal or higher aggregate stability, 
and an equal or lower Kfs. 
 
Keywords: conservation agriculture, reduced tillage, soil erosion, soil quality, soil quality 
indicators, compaction 
 
Introduction 
Since its introduction in the 1930's in the USA, reduced tillage (RT) is applied worldwide as an 
alternative for conventional tillage (CT) in order to alleviate soil erosion problems. Following an 
increased awareness of soil erosion problems in Belgium towards the end of the 1990's, a growing 
number of farmers implements erosion abatement measures, one of which is RT. 
Results from studies on RT in the West European loess belt, including Belgium and Northern 
France, showed reduced runoff and soil loss (Kwaad et al., 1998; Leys et al., 2007) and equal crop 
yields for most crops (Van den Putte et al., 2010; Van den Putte et al., 2012). Promising results 
from several studies showed equal or slightly improved soil quality for RT fields (D'Haene et al., 
2008; Van den Putte et al., 2012). Many studies, however, were only executed over a limited 
number of  years, thus obscuring temporal effects of CT and RT. Furthermore, many opposing 
results are often found for different soil quality indicators. 
Soil quality is defined as the ability of a soil to maintain biological production, environmental 
quality and plant and animal health (Doran et al., 1996). Soil quality is often split up in biological, 
chemical and physical soil quality, although good soil quality only can exist if all three aspects are 
met (Dexter, 2004). In physical soil quality, especially soil structure, water transmission and 
storage, and soil strength are under consideration. A variety of indicators is used to describe soil 
physical quality. 
The objective of this research was to monitor inter-seasonal variability in soil erosion and soil 
physical quality on experimental fields on loess derived loamy soils tilled by CT and RT. 
 
Materials and Methods 
Study area 
Three experimental fields in the loess belt of Belgium and Northern France were monitored for 
several years. Each field was divided in strips on which alternative tillage implements were 
compared. A comparison was made between CT by means of mouldboard plough to a depth of 25-
30 cm and RT by means of shallow (15 cm; RTs) or deep (25-30 cm; RTd) non-inversion tillage. 
RTd was executed by means of  a soil loosener consisting of four to six heavy tines ending in a 
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chisel or a chisel with winged tines. The tillage implement used for RTs was a cultivator consisting 
of a set of fixed tines ending in a chisel with winged tines and, in some cases a set of discs and a 
crumbler roller. On the field of Heestert (Belgium), CT was compared with two types of RTd and 
one type of RTs, in Kruishoutem (Belgium) CT was compared with RTd and RTs, whereas in 
Radinghem (France) CT was compared with RTs only. The field in Kruishoutem is classified as a 
cambisol according to WRB (IUSS Working Group WRB, 2006) with a sandy loam topsoil 
according to USDA (Soil Survey Staff, 1999) and was under RT since 2004. The fields in Heestert 
and Radinghem are classified as luvisols with a silt loam topsoil and were under RT since 2001 
and 1997, respectively. The textural composition of the topsoil can be found in Table 1. 
 
Table 1. Textural composition of the topsoil and slope of the experimental fields 
Location Management Clay 
(0-2 μm) 
Silt 
(2-50 μm) 
Sand 
(50-2000 
μm) 
SOC slope 
  g kg-1 g kg-1 g kg-1 g kg-1 % 
Heestert CT 131 ± 8* 552 ± 34 317 ± 33 9 ± 0 4.3 ± 0.7 
Heestert RTd1 121 ± 13 568 ± 59 312 ± 57 12 ± 1 4.5 ± 0.5 
Heestert RTd2 126 ± 11 579 ± 57 295 ± 59 12 ± 1 4.4 ± 0.5 
Heestert RTs 136 ± 10 578 ± 45 286 ± 41 11 ± 1 4.4 ± 0.5 
Kruishoutem CT 112 ± 11 114 ± 10 774 ± 3 13 ± 1 5.3 ± 0.9 
Kruishoutem RTd3 98 ± 7 99 ± 9 804 ± 14 12 ± 3 5.5 ± 0.8 
Kruishoutem RTs 106 ± 12 93 ± 9 801 ± 18 12 ± 1 5.7 ± 0.9 
Radinghem CT 183 ± 5 713 ± 11 104 ± 16 11 ± 0 6.1 ± 0.5 
Radinghem RTs 180 ± 11 712 ± 13 109 ± 25 17 ± 2 7.8 ± 0.2 
CT: conventional tillage, RTd: deep reduced tillage, RTs: shallow reduced tillage. *Mean value ± standard 
deviation. 
 
Rainfall simulations 
Rainfall simulations were carried out approximately one month after sowing date for crops sown 
in spring in order to allow the soil to settle after tillage operations. Fields having crops sown in 
autumn were sampled in early spring due to wet soil conditions prevailing in autumn and winter. 
Rainfall simulations were executed on two paired plots of 1m width by 1m length. The rainfall 
simulator is similar to the one described by Schiettecatte et al. (2008) and consisted of a boom of 
8 m having seven Teejet WG SS W14 nozzles spaced one meter apart. The pressure was set at 0.1 
MPa, resulting in an average rainfall intensity of 127 ± 24 mm h-1. The kinetic energy and drop 
size distribution of the simulated rainfall is given by Erpul et al. (1998). Runoff and soil loss were 
measured at 1min and 2 min intervals, respectively. Rainfall simulations were executed for 20 to 
30 minutes in order to attain a constant runoff rate. 
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Indicators of soil physical quality 
In order to measure a set of soil quality indicators, five plots of 36 m2 were selected in each strip 
tilled by alternative tillage techniques. The centerpoint of the plots were spaced 15 meter apart and 
at least 15 m from the edge of the field.  
Field analysis included determination of field saturated hydraulic conductivity (Kfs) and 
penetration resistance. Kfs was measured in two replicates per plot using a pressure disc 
infiltrometer (Soil Moisture equipment, Santa Barbara, CA) and Kfs values were calculated using a 
single head analysis (Reynolds and Elrick, 1990). Penetration resistance was measured in ten 
replicates per plot using a penetrologger (Eijkelkamp Agrisearch Equipment, Giesbeek, The 
Netherlands). On three out of five plots, undisturbed soil samples of 100 cm3 were taken at a depth 
of -5, -15 and -25 cm  in order to determine bulk density (BD) and total porosity (PORtot). On all 
plots, disturbed samples were taken from the 0-10 cm layer to determine aggregate stability, using 
the method of De Leenheer and De Boodt (1959).The stability index (SI), being the inverse of the 
difference between the mean weight diameter (MWD) of the dry sieving and the MWD of the wet 
sieving, was used as a measure of aggregate stability. In order to determine the soil organic carbon 
(SOC) content and the SOC stock, disturbed samples were taken on every plot in the 0-10, 10-20, 
20-30, 30-40 cm soil layer. SOC content was determined according to the method of Walkley and 
Black (1934). 
 
Statistical analysis 
Normality of the data was tested using the Shapiro-Wilk test. In case the data were not normally 
distributed,  a natural logarithmic transformation was performed. Estimates of the mean and the 
standard deviation of the log-normally transformed data were obtained using the Uniformly 
Minimum Variance Unbiased Estimators (UMVUE) method as developed by Finney (1941), in 
accordance to Parkin et al.(1988). Homogeneity of variances was checked by means of Levene's 
test. Comparison between tillage treatments was done by means of one-way analysis of variance 
(Anova) with post hoc Duncan's new multiple range test or Games-Howell test in case of 
respectively homogeneity and heterogeneity of variances. Analyses were performed using SPSS 
Statistics version 19 (IBM SPSS Statistics). 
 
Results 
Influence of reduced tillage on runoff and soil erosion 
A total of 92 rainfall simulations executed between 2003 and 2010 were used for analysis, 
excluding rainfall simulations executed under very dry soil conditions or having a high soil cover. 
Runoff was described by total runoff (mm) and final runoff rate (mm h-1), whereas soil erosion 
was described by total soil loss (g m-2), final soil loss rate (g m-2 min-1) and final sediment 
concentration (g l-1). Table 2 shows the results proportional to the runoff or soil loss of CT (%), in 
order to eliminate the differences in applied rainfall and resulting runoff and soil loss between 
years. From Table 2, it becomes clear that a large scatter in results existed, thus obscuring 
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treatment effects on soil erosion and soil loss. The large scatter is due to the fact that no uniform 
response in runoff and soil loss was found with simulations producing both higher or lower runoff 
and soil loss under RT as compared to CT. When comparing the runoff coefficient  of the 
treatments for years separately, it was found that three years showed a higher RC for RT, being 
Heestert in 2008 and 2010 and Kruishoutem in 2006,  and two years showed a comparable RC. In 
order to find the origin of the higher RC for these years, several soil quality indicators were tested. 
Penetration resistance measurements demonstrated that the years showing a higher RC were 
subjected to compaction in the top 30 cm of the soil (see further). After omitting these three years 
from the dataset, proportional results of runoff and soil loss (table 2) show a lower variability and 
on average a decrease of runoff and soil loss for RT as compared to CT. 
 
Table 2. Runoff and soil loss measures expressed as a proportion of RT to CT (%), in case of all rainfall 
simulations pooled together, and in case of exclusion of rainfall simulations of years with observed topsoil 
compaction (Heestert in 2008 and 2010 and Kruishoutem in 2006) 
 All data Without years with compaction 
 CT RTd RTs CT RTd RTs 
Total runoff RT/CT (%) 100 72 ± 79* 105 ± 136 100 37 ± 28 46 ± 36 
Final runoff rate RT/CT 
(%) 
100 68 ± 50 90 ± 78 100 46 ± 31 54 ± 34 
Total soil loss RT/CT (%) 100 81 ± 149 67 ± 80 100 23 ± 19 42 ± 42 
Final soil loss RT/CT (%) 100 67 ± 81 56 ± 47 100 28 ± 27 44 ± 38 
Sediment concentration 
RT/CT (%) 
100 97 ± 83 83 ± 64 100 74 ± 80 91 ± 70 
 
Influence of RT on soil physical properties 
As similar observations were made for the three experimental fields, only soil quality indicator 
results from the field of Heestert will be discussed. Fig. 1 shows the penetration resistance for four 
consecutive years. In 2007, the soil was equally loosened to 10 cm depth for all tillage treatments. 
Between 15 and 35 cm, however, the RT treatments resulted in a higher PR. In autumn 2007, 
harvest of maize as well as seedbed preparation and drilling of winter wheat was conducted under 
wet soil conditions. As a result, PR measurements in spring in 2008 were higher in the top 40 cm 
for all treatments, as compared to PR in the preceding year. Furthermore, RT proved less able to 
loosen the soil as compared to CT. In 2009, loosening of the topsoil was more successful for all 
tillage treatments due to harvest and tillage under dry circumstances, resulting in similar PR for 
most treatments up to a depth of -15 cm, where below PR was higher again for RT. Although 
maize was harvested under dry soil conditions in early autumn 2009, cultivation before winter 
wheat was postponed and executed under wet soil conditions late in autumn. As a result, PR was 
higher again for all treatments as compared to the preceding year, and this was especially the case 
for the top 15 cm. As compared to CT, PR was higher for RT over almost the complete profile 
depth. 
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In most cases, no significant differences in BD and PORtot were found between tillage 
treatments, although in some cases a higher BD, and thus a lower PORtot, for RT was found (data 
not shown). In 2008, a year experiencing compaction, a much higher BD was found for all tillage 
treatments. This however, did not result in differences between tillage treatments. In 2009, BD 
dropped again to the level of 2007, although high BD values persisted at -25 cm depth for RT. 
 
 
Fig. 2. Penetration resistance (MPa) and soil-water content (%) for the different tillage treatments in 
Heestert in A) 2007, B) 2008, C) 2009 and D) 2010. CT: conventional tillage, RTd1 and RTd2: deep 
reduced tillage, RTs: shallow reduced tillage. Error bars indicate standard deviations 
 
Large variability of the Kfs data hampered finding significant differences (Fig. 2). Years 
showing a higher topsoil PR as indicated in Fig 1, i.e. Heestert in 2008 and 2010, showed a lower 
Kfs as compared to years showing good topsoil loosening which resulted in higher Kfs values. For 
most years, no significant differences in Kfs were found between tillage treatments. Strong 
compaction under RT resulted in a lower Kfs for RT as compared to CT in 2008. Conversely, Kfs 
was significantly higher for all RT treatments in 2009. 
Aggregate stability varied considerably over the years, following roughly the changes already 
shown by PR measurements, as can be seen from the SI given in Table 3. In 2007, aggregate 
stability of RTd1 and RTs was significantly higher as compared to CT. In 2008, however, all SI 
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values dropped strongly, proving a low aggregate stability amongst the treatments. No significant 
differences could be found. In 2009, aggregate stability of the RT treatments improved again and 
gave rise to a higher aggregate stability for RT as compared to CT. Following the strong 
compaction in 2010, all SI values plummeted again to very low values. RTd2 showed a higher SI, 
although differences were small among treatments. 
 
Table 3. Stability Index (SI) of the 0 - 10 cm soil layer determined by the method of De Leenheer and De 
Boodt (1959) for the different tillage treatments in Heestert 
Location Management 2007 2008 2009 2010 
Heestert CT 0.44 ± 0.10 a 0.32 ± 0.04 a 0.30 ± 0.03 a 0.26 ± 0.01 a 
Heestert RTd1 0.63 ± 0.13 b 0.35 ± 0.02 a 0.54 ± 0.13 c 0.27 ± 0.01 ab 
Heestert RTd2 0.45 ± 0.10 a 0.35 ± 0.05 a 0.46 ± 0.12 bc 0.28 ± 0.01 b 
Heestert RTs 0.73 ± 0.19 b 0.36 ± 0.08 a 0.39 ± 0.07 b 0.26 ± 0.01 a 
CT: conventional tillage, RTd1 and RTd2: deep reduced tillage, RTs: shallow reduced tillage. * Mean value ± 
standard deviation. Same letter within a year indicates no significant differences between tillage treatments 
(P = 0.05; one way ANOVA with Duncan or Games-Howell post hoc test) 
 
Influence of RT on soil organic carbon 
SOC content distribution over the soil profile was similar for all sampling locations and years. Fig. 
3 shows a typical pattern, as found in Heestert in 2010. For CT, SOC content was fairly constant 
over the tillage depth of the plough and decreased below 30 cm depth. In case of RT, a 
stratification in SOC content was visible, showing a significantly higher SOC content as compared 
to CT at the surface and a significantly lower SOC content below 20 cm depth. 
 
 
Fig. 2. Field saturated hydraulic conductivity (Kfs, cm h-1) using a pressure disc infiltrometer and a single 
head analysis for the different tillage treatments in Heestert. CT: conventional tillage, RTd1 and RTd2: 
deep reduced tillage, RTs: shallow reduced tillage. Error bars indicate standard deviations; same letter 
within a sampling year indicates no significant differences between tillage treatments (P = 0.05, one way 
ANOVA with Duncan or Games-Howell post hoc test) 
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Discussion 
Influence of poor soil loosening on soil erosion and soil quality 
Most properties measured proved to be influenced by the degree of soil loosening as obtained by 
the different tillage treatments. However, differences in soil loosening were obtained over the 
years, showing poor soil loosening in some years and good soil loosening in others, as illustrated 
by the differences in PR (Fig. 2) and BD. In years that compaction was measured, the compaction 
originated from the harvest of maize in wet soil conditions during autumn in the preceding year. 
Farmers in Western Europe who include sugar beet or maize in their crop rotation frequently 
induce compaction, as they harvest as late as possible in order to increase yields (Boizard et al., 
2002). The resulting compaction and loss of soil structure can be attributed to the wet soil 
conditions often prevailing in Autumn and the heavy harvest machinery used (Arvidsson et al., 
2001; Capowiez et al., 2009b). When subsequent tillage operations are also done under wet soil 
conditions, for instance for seeding of winter wheat, as was the case for Heestert in autumn 2007 
and 2009, RT proved to be less able to loosen the soil as compared to CT. This is reflected in the 
lower Kfs for all treatments in years with compaction and poor soil loosening (Fig. 2). As CT is 
able to break up soil clods, notwithstanding wet soil conditions, a higher Kfs for CT as compared 
to RT was observed in Heestert in 2008. RTd, on the contrary, was not able to introduce cracks in 
the wet soil, thus leading to low Kfs values. RTs provided a better resistance against compaction 
due to its higher internal strength by only shallowly tilling the soil, thus leading to an intermediate 
Kfs. In autumn 2009, however, severe loss of soil structure during soil loosening lead to equally 
low Kfs values for all treatments, as reflected in the measurements taken in spring in 2010. 
Also in literature it was shown that higher topsoil compaction for RT lead to lower Kfs and 
increased runoff and soil loss (Batey, 2009; Lipiec and Hatano, 2003). Lower Kfs in years facing 
compaction indeed lead to higher runoff, giving rise to a more variable outcome for runoff 
experiments, as illustrated in Table 2. When only focussing on years when soil loosening was 
performed under sufficiently dry soil conditions, a reduction in runoff was found, in line with 
results as presented by Leys et al. (2007). In years with compaction and bad soil loosening, also a 
higher soil loss was observed and this can predominantly be attributed to higher runoff volumes 
under RT in these years. 
Compaction and poor soil loosening also influenced aggregate stability as illustrated by the 
lower SI for these years (Table 3). This seems opposite to what can be expected, as the strength of 
aggregates increases when compressed. However, also the prevalence of earthworms decreases in 
compacted soil, as was shown by Capowiez et al. (2009a), thus decreasing the stabilizing potential 
of earthworm casts and burrowings. Furthermore, also the macroporosity in the compacted soil 
decreased (data not shown) thus increasing the sensitivity to slaking. As compaction was present 
under all tillage treatments, no or only slight differences could be found between treatments.  
 
Influence of reduced tillage on runoff and soil erosion 
When excluding years when harvest and tillage operations were executed under wet soil 
conditions, a decrease in both runoff and soil loss for RT was found, as is frequently observed by 
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other authors (Holland, 2004; Leys et al., 2007; Rasmussen, 1999). However, no differences 
between RTs and RTd were found. A reduction in runoff can be attributed to the introduction of 
cracks in the soil (D'Haene et al., 2008), thus facilitating infiltration, and to the increased pore 
connectivity (Wahl et al., 2004). Furthermore, as soils under RT are less prone to sealing, 
infiltration at the surface also remains higher. A higher Kfs was indeed observed under RT (Fig. 
2), giving rise to a lower runoff. 
An even better efficiency was found for soil loss reduction with RT, as was also found by 
Armand et al. (2009). A lower soil loss for RT is often attributed to the larger residue cover as 
found under RT (Cogo et al., 1984; Roger-Estrade et al., 2011). Residue indeed shelters 
aggregates against falling raindrops and slows down running water by increasing the soil surface 
roughness (Cogo et al., 1984). As residue levels between RTs and RTd only differed slightly, no 
difference in soil loss between both were found. Another reason for a decrease in soil loss is the 
reduced soil erodibility, as shown by the higher SI for RT (Table 3), indicating a better resistance 
of the aggregates against raindrop impact and flowing water. 
 
 
Fig. 3. Distribution of the SOC (g kg-1) in the top 40 cm of the soil for the different tillage treatments in 
Heestert in 2010. CT: conventional tillage, RTd1 and RTd2: deep reduced tillage, RTs: shallow reduced 
tillage. Error bars indicate standard deviations; same letter at the same sampling depth indicates no 
significant differences between tillage treatments (P = 0.05, one way ANOVA with Duncan or Games-
Howell post hoc test) 
 
Influence of reduced tillage on soil physical quality and SOC 
In years that harvest and primary tillage were executed under dry soil conditions, RTs and RTd 
proved to maintain soil quality with some soil quality indicators improving while others remaining 
constant or declining. PR showed distinct responses to tillage treatments at different depths. A 
comparable PR up to a depth of 10 cm was found for all treatments, due to the use of a tine harrow 
before seeding, thus resulting in equal soil loosening. Due to the reduced tillage intensity for RT, 
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RT plots were loosened to a lesser extent between a depth of 15 and 35 cm, thus giving rise to 
higher PR. As RTs only shallowly loosened the soil, this treatment showed the highest PR below 
15 cm. An increase in PR for RT was also documented by Riley et al. (Riley et al., 2005). Bulk 
density and PORtot were generally not significantly different between tillage treatments, as was 
found by many authors (Alvarez and Steinbach, 2009; Munkholm et al., 2001; Shukla et al., 
2003). A higher BD at 15 cm depth was found for RTs, which is in line with Rasmussen (1999) 
who also reported a higher BD just below tillage depth. In Heestert in 2009, comparable PR was 
found to a depth of 10 cm. Below 15 cm , however, some compaction was still present, which 
originated from the compaction in the year before. This suggests that even when soil loosening in 
a year following copaction was done under good soil conditions, compaction remains present to a 
lesser extent. This is in line with Boizard et al. (2002) and Drewry (2006) who found that 
compacted zones in a plough layer can persist for several years after compaction has taken place. 
Apart from cultivation, loosening by earthworm burrowing (Capowiez et al., 2009a), plant rooting 
and natural processes such as freeze thaw are needed to alleviate compaction (Drewry, 2006). This 
may take several years, however. 
Kfs was mostly not significantly different between tillage treatments, which is partly caused by 
the large variability of the measurements, as is often found for infiltration measurements 
(Reynolds et al., 2000). Indeed, although Kfs showed a trend for higher values under RTd in 
Heestert in 2007 as well as in Kruishoutem and Radinghem (data not shown), the large standard 
deviations obscured tillage effects. A trend for higher Kfs under RTd can be attributed to the 
introduction of cracks by the soil loosener (D'Haene et al., 2008). Furthermore, RT maintains a 
better soil structure (Shukla et al., 2003), thus increasing connectivity and enhancing infiltration 
(Wahl et al., 2004). 
For all years, the SOC content showed a stratification for RT fields, with SOC content being 
higher for RT between 0 and 10 cm depth, equal or higher than CT between 10 and 20 cm and 
lower below 20 cm depth. A stratification of SOC under RT is often reported in literature 
(Alvarez, 2005; D'Haene et al., 2009; Riley et al., 2005) and is a direct effect of keeping the crop 
residues at the surface in non-inversion tillage. In contrast, CT mixes the crop residues throughout 
the depth of tillage (Blanco-Canqui et al., 2004; Rasmussen, 1999), resulting in a uniform SOC 
content distribution throughout the plough layer. 
For years when tillage was executed in good soil conditions, a clear improvement in aggregate 
stability was observed, as indicated by the SI. The formation of stable aggregates on RT fields is 
promoted through the higher SOC contents at the soil surface, as explained above. A higher SOC 
content can strengthen the aggregates by linking particles together through organic bonds or 
through roots and hyphae (Amezketa, 1999). The greater abundance of earthworms, as often 
observed under RT, can also improve aggregate stability through burrowing and casts of the 
earthworms (Rasmussen, 1999).Conversely, aggregates are disrupted during tillage operations of 
CT, hereby exposing inaccessible organic material to micro-organisms, which ultimately leads to a 
decrease in SOC and a decline in water stable aggregates (Tisdall and Oades, 1982). 
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Conclusion 
Clear differences in runoff, soil loss and soil quality indicators were found between years as a 
result of the interplay between soil management and climatic conditions. In years that harvesting 
was executed under wet conditions, the soil was compacted. Furthermore, RTs and RTd proved 
less able to loosen the soil when primary tillage was also executed under wet circumstances. 
Therefore, a strong decrease in soil quality was found in these years, proving that RT is not always 
suited for climates with frequent wet conditions during the harvest season. Although compaction 
of the topsoil after harvest and tillage in wet soil conditions resulted in higher PR and BD for all 
treatments, thus giving rise to lower Kfs, these effects were more pronounced for RT. 
Consequently, runoff was also higher on RT fields, although soil loss could both be lower or 
higher as compared to CT fields. 
In years that harvest and primary tillage were executed under dry soil conditions, RTs and RTd 
proved to maintain soil quality. Although a higher PR was frequently found between 15 and 35 cm 
depth for RT, the quality indicators BD,  Kfs and macroporosity were generally not significantly 
different between tillage treatments. In contrast, both runoff and soil loss were significantly lower 
on RT fields. The SOC content showed a stratification for RT fields, with SOC content being 
highest for RT between 0 and 10 cm depth. The higher SOC contents at the soil surface of RT 
fields resulted in higher aggregate stability when harvest and tillage were executed under dry 
conditions. 
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Abstract 
Studies in arid regions have shown that scattered trees play an important role in reducing the 
negative effects of climate and soil aridity. They strongly influence the environmental conditions 
under their canopies. Scattered trees often function as 'fertility islands', in that they provide 
favourable conditions for the recruitment of other plants. The most critical factor controlling plant 
productivity in arid regions is water availability in the soil. Hence, understanding the soil-water 
relationships of nursed ecosystems is of crucial importance. The objective of this study was to 
investigate the facilitating role of Acacia trees on the herbaceous layer in a forest steppe 
ecosystem in the Bou Hedma National Park in central Tunisia. To identify the soil-water relations, 
the soil-water retention curve and the hydraulic conductivity of the upper soil layer (0-10 cm) were 
determined. Two habitats were distinguished: canopy and interspace, respectively underneath and 
outside the canopy of Acacia trees. The field saturated hydraulic conductivity (Kfs) was higher 
underneath compared to outside the canopy (8.03 vs. 5.14 x 10-6 m s-1). This could be related to 
the shift in the wet range of the soil-water retention curve, suggesting Kfs was driven by greater 
macroporosity. By improving the soil hydraulic properties, Acacia trees have a strong influence on 
the water availability within the nursed ecosystem. Therefore, scattered trees can play a central 
role in the restoration of degraded drylands. Differences in hydraulic properties underneath and 
outside the canopy underline the importance of incorporating the spatial variability when 
developing hydrological models on a field scale. 
 
Keywords: Acacia, canopy, soil water, arid zones, Tunisia 
 
Introduction 
Ecosystems with scattered trees occur throughout the world. The origins and ecological roles of 
scattered trees have been intensively studied at different scales, going from point (microsite) to 
field (landscape) scale (Manning et al., 2006). At point scale, scattered trees strongly influence 
their abiotic environment. Typical changes in environmental conditions underneath their canopy 
involve a cooler and often wetter microclimate due to the interception of radiation and 
precipitation (Mistry, 2000). Stem flow, water uptake through the root system from below and 
around the tree, and increased infiltration of water into the soil further enhance the concentration 
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of water near trees, especially in otherwise dry environments (Vetaas, 1992; Eldridge and 
Freudenberger, 2005). 
Scattered trees often function as 'nurse plants' or 'fertility islands', in that they facilitate the 
recruitment of other plants (San José et al., 1991; Facelli and Brock, 2000). Facilitation appears to 
be an essential process, not only for survival, growth, and fitness in some plants (Tirado and 
Pugnaire, 2003; Aerts et al., 2006, 2007), but also for diversity and community dynamics in many 
ecosystems (Pugnaire et al., 1996; Abdallah et al., 2008). The 'fertility island' effect of scattered 
trees further enhances their ability to act as central points of ecosystem recovery from which plant 
succession may radiate outwards into other parts of a given landscape (Toh et al., 1999). 
The most critical factor controlling plant productivity and reproduction in arid to semiarid 
regions is water availability in the soil (Noy-Meir, 1973; Rodriguez-Iturbe, 2000). On the one 
hand, plants need water to survive, and thus, the distribution, composition and structure of plant 
communities are directly influenced by spatiotemporal patterns in water availability. On the other 
hand, plants exert a strong effect on hydrological fluxes of the terrestrial-atmospheric system 
(Asbjornsen, 2011). In this respect, the facilitating role of scattered trees can only be fully 
understood by investigating the soil-water relations of the nursed ecosystem. The soil-water 
retention curve and the hydraulic conductivity are the most important hydraulic properties when 
describing these ecohydrological interactions but many studies only focus on the infiltration 
properties (Dunkerley, 2002; Bedford and Small, 2008; Caldwell et al., 2008; Madsen et al., 2008; 
Wine et al., 2012).  
In this study, the effect of scattered trees on both hydraulic properties was investigated. 
Measurements were conducted at the microsite scale, distinguishing between the habitats canopy 
and interspace respectively underneath (0.5 m from stem) and outside (10 m from stem) the 
canopy of scattered trees. Subsequently, the importance of incorporating the spatial variability of 
hydraulic properties caused by scattered trees in hydrological models was evaluated. 
 
Study area 
Bou Hedma National Park (34° 39’ N and 9° 48’ E) is located in central Tunisia and covers an 
area of approximately 16,488 ha. The park was designated as a UNESCO Biosphere Reserve in 
1977. The altitude varies between 90 and 814 m above sea level. Bou Hedma soils are skeletal in 
the mountainous area, superficial and stony in the piedmont, and sandy to sandy-loamy in low-
lying flat areas. The park is divided in different zones: three Integral Protection Zones (IPZ) or 
core areas, two buffer zones (BZ) and two agricultural zones (AZ) or transition areas. The study 
was conducted in the low-lying flat area of IPZ1 (Fig. 1.). This zone has a total area of 5,114 ha 
(of which 2,000 ha plains and 3,114 ha mountainous zones). IPZ1 is completely fenced to prevent 
grazing by domestic animals and wild fauna from escaping. 
The central and the southern part of Tunisia have an arid climate characterized by an extremely 
irregular spatiotemporal rainfall pattern, a limited amount of precipitation (maximum 350 mm per 
year), a limited number of rainy days (15 to 40 days per year) and a high average annual 
temperature ranging from 18 to 21 °C (Abdelkebir, 2005). The main climatic characteristics of the 
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park are: an average rainfall of 180 mm, an average temperature of 17.2 °C, and a mean minimum 
and maximum temperature of respectively 3.9 °C (December and January) and 38 °C (July and 
August). The park is characterised by an arid Mediterranean climate with a moderate winter (Le 
Houérou, 1959). 
Acacia raddiana is an important woody species in pre-Saharan Tunisia, which is able to 
tolerate extreme droughts (mean annual rainfall < 200 mm). It is the only forest tree persisting on 
the edge of the desert, and is therefore considered as a keystone species (Le Floc’h and Grouzis, 
2003). Nowadays, its geographical distribution is limited to the Bou Hedma region. The 
terminology ‘Acacia forest steppe’ is used to designate preforest formations in arid zones 
(Zaafouri et al., 1996). The forest steppe of the Bou Hedma region suffered for over a century 
from overexploitation of natural resources and intensification of agricultural activities. Through 
reforestation and protection programs, the original vegetation is gradually restored. Vancoillie et 
al. (2010) found a mean density of 8 trees per hectare (maximum 95 trees per ha) for 2009, which 
is similar to the tree density between 1900 and 1925 (4 to 25 trees/ha) as described by Zaafouri et 
al. (1996). 
 
 
Fig. 1. Map of Bou Hedma National Park with different management zones. The study area lies within 
zone marked with number 1, i.e. IPZ1 
 
Materials and methods 
Two sub-habitats were distinguished in the study area: tree-covered and open areas, respectively 
underneath and outside the canopy of Acacia trees. Soil texture was determined using laser 
diffraction and classified according to the USDA Soil Taxonomy (1951), whereas organic matter 
measurements were based on the Walkley and Black (1934) method.  
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Infiltration and soil water retention characteristics were determined for five trees. 
Measurements underneath and outside the canopy took place respectively at 0.5 and 10 m in the 
northern direction of each stem. Hydraulic properties underneath and outside the canopy were 
determined using discrete measurements of infiltration rates. Measurements were performed with a 
tension disk infiltrometer (Soil Measurement Systems, Tucson AZ, USA) with the infiltration disk 
(20 cm diameter) separated from the water reservoir. A fine layer of sand was placed on the soil in 
order to ensure hydraulic contact between the disk and the soil. Three successive matric potentials 
( ) were applied, -0.29, -0.59, and -1.18 kPa, for at least 10 min or until the infiltration rate of 
three consecutive time intervals was constant. 
At each measurement location, an undisturbed soil sample of the upper soil layer (0-10 cm) 
was taken using standard sharpened steel 100-cm³ Kopecky rings. On these samples, five 
underneath and five outside the canopy, the soil water retention curve was determined at eight 
matric potentials (-1, -3, -5, -7, -10, -33, -100 and -1500 kPa) using the hanging water-column 
method on a sand box apparatus (Eijkelkamp Agrosearch Equipment, Giesbeek, the Netherlands) 
for matric potentials between -1 and -10 kPa, and with pressure chambers (Soilmoisture 
Equipment, Santa Barbara, CA) for matric potentials between -33 and -1500 kPa. After weighing 
the soil samples at equilibrium for the matric potential -10 kPa, subsamples were taken and the 
moisture content on mass basis was determined after oven drying at 105 °C for 24 h as detailed by 
Cornelis et al. (2005). It should be noted that none of the samples was subjected to shrinking upon 
drying on the sand box apparatus. This enabled the calculation of bulk density following the 
procedures of Grossman and Reinsch (2002). Moisture content on mass basis ( ) for the sample 
at each matric potential, as well as the volumetric water content ( ) were determined using the 
relationship: 
 
         (1) 
 
where  is the bulk density of the soil (Mg m-³) and  is the density of water (Mg m-³). The 
total pore volume TPV is calculated by: 
 
         (2) 
 
where  is the particle density of sand and equal to 2.65 Mg m-³. The model of van Genuchten 
(1980) was used to describe the soil water retention curve: 
 
       (3) 
 
where θr is the residual water content (m3 m-3), θs is the saturated water content (m3 m-3),  is the 
matric potential (kPa). Parameters α (m-1) and n are estimated using the Retention Curve model 
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(RETC) of van Genuchten et al. (1991) and . From the obtained soil water retention 
curve several important parameters related to the soil porosity can be calculated. The 
macroporosity (MacPOR) and matrix porosity (MatPOR) parameters define the volume of soil 
macropores and matrix pores, respectively, and are defined as: 
 
       (4) 
         (5) 
 
where θm (m3 m-3) is the volumetric water content of the matrix porosity. To distinct macropores 
from matrix pores, values of ψ = -1 kPa, -5 kPa and -10 kPa are used which correspond with pore 
diameters of 0.3, 0.06 and 0.03 mm respectively (Jarvis et al., 2002; Hall et al., 1977). In this 
study θm was defined as the equilibrium volumetric soil water content at ψ = -5 kPa similar to 
Reynolds et al. (2007). Soil aeration is represented by the soil air capacity (AC) and is defined as: 
 
         (6) 
 
where  (m3 m-3) is the field capacity, which is the volumetric water content at ψ = -10 kPa 
(Reynolds et al., 2007). The plant-available water capacity (PAWC) is often used as an indicator 
of the soil's capacity to store and provide water that is available to plant roots, and is usually 
defined by: 
 
        (7) 
 
where  (m3 m-3) is the permanent wilting point, which for most practical applications 
corresponds to the volumetric water content at ψ = -1500 kPa (Reynolds et al., 2007). Finally, a 
parameter expressing the soil's capacity to store water relative to the soil's pore volume can be 
calculated. This parameter is known as the relative water capacity (RWC) and is defined by 
Reynolds et al. (2007) as: 
 
         (8) 
 
The unsaturated hydraulic conductivity and its relation to matric potential were obtained from 
tension infiltrometer measurements based on the solution of Wooding's equation for unconfined 
steady-state infiltration from a circular pond (Wooding, 1968): 
 
        (9) 
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where  is the steady-state flow rate (m3 s-1),  is the radius of the disk (m),  is the 
hydraulic conductivity (m s-1) and  (m-1) is a fitting parameter. The two unknowns  and  
can be found from tension infiltrometer measurements using the steady-state approach of Logsdon 
and Jaynes (1993). Their regression method consists of finding the two unknowns  and via 
regression of the data using Eq. (9) while substituting Gardner's (1958) hydraulic conductivity 
function , where  is the saturated hydraulic conductivity (m s-1). 
To evaluate and compare the different hydraulic parameters underneath and outside the 
canopy, a statistical procedure was performed. As is common for in situ measurements of 
hydraulic conductivities (Warrick and Nielsen, 1980), the calculated hydraulic conductivities 
showed a lognormal distribution. As a consequence, all statistical analyses were performed on 
lognormally transformed hydraulic conductivities. The mean (m), standard deviation (SD), and 
coefficient of variation (CV) were calculated using the uniformly minimum variance estimator 
method developed by Finney (1941). This method was recommended by Parkin et al. (1988) as 
the only acceptable method for lognormally distributed populations with a sample size between 
four and 20. Before executing one-way ANOVA to look for significant differences between 
underneath and outside the canopy, a modified Levene test was performed to check the assumption 
of equal variances (homoscedasticity). 
 
Results and discussion 
In a first step, physical and chemical characteristics of the two habitats, canopy and interspace, 
were compared (Table 1). There were no significant differences (p>0.05) in sand, silt and clay 
fractions between the two habitats. According to the USDA classification, a sandy loam texture 
was found for both habitats. The bulk density (BD) and total pore volume were respectively lower 
and higher underneath compared to outside the canopy. The organic matter (O.M.) underneath the 
canopy was significantly higher (p<0.05) than outside. 
 
Table 1. Physical and chemical characteristics of the two habitats, canopy and interspace (n=5). 
Habitats Sand  
(2000-50 
µm) 
(%) 
Silt     
(50-2 
µm) 
(%) 
Clay    
(<2 µm) 
(%) 
BD 
(Mg cm-1) 
TPV 
(m3 m-3) 
O.M. 
(%) 
Texture 
Canopy 65.3 
 (6.8) 
30.4  
(5.2) 
4.3  
(3.5) 
1.41  
(0.08) 
0.47 
 (0.03) 
2.37a  
(0.43) 
Sandy 
loam 
Interspace 73.0 
 (9.2) 
23.0 
 (7.9) 
4.0  
(1.5) 
1.54  
(0.12) 
0.42 
 (0.05) 
0.96b  
(0.28) 
Sandy 
loam 
 
In a second step, the geometric mean of the saturated hydraulic conductivity (KS,G) and the 
unsaturated hydraulic conductivities (Kψ,G) of the two habitats were compared (Table 2). A higher 
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mean KS,G-value was found underneath compared to outside the canopy (8.03 vs. 5.14 x 10-6 m s-
1). Differences in unsaturated hydraulic conductivities between the two habitats decreased from 
lower to higher matric potentials, indicating that mainly the largest macropores are responsible for 
increased water infiltration. Enhanced infiltrability underneath the canopy of scattered trees can be 
due to a number of factors which improve the soil structure, including elevated levels of organic 
matter and lower bulk density under vegetation as was found in Table 1. Furthermore, the 
variation in mean hydraulic conductivities outside the canopy was remarkably higher compared to 
underneath the canopy. High coefficients of variation outside the canopy were due to extreme high 
rates of water infiltration at one measurement location. 
Table 2. Geometric mean saturated (KS,G) and unsaturated (Kψ,G) hydraulic conductivities with coefficients 
of variation (CV) for the two habitats, canopy and interspace (n=5) 
Habitats 
 
KS,G 
 x 10-6 
m s-1 
CV  
(%) 
Kψ,G            
(-0.29 kPa) 
x 10-6 m s-1 
CV  
(%) 
Kψ,G           
(-0.59 kPa) 
x 10-6 m s-1 
CV 
(%) 
Kψ,G           
(-1.18 kPa) 
x 10-6 m s-1 
CV 
(%) 
Canopy 8.03 34 6.12 30 4.68 26 2.75 20 
Interspace 5.14 82 4.18 77 3.40 72 2.26 62 
 
In a third step, the mean soil water content was determined at eight matric potentials for the 
two habitats canopy and interspace (Table 3). Significant higher (p<0.05) water retention data 
were found underneath compared to outside the canopy for matric potentials ranging between -1 
and - 5 kPa. As a value of -5 kPa was used to distinct macropores from matrix pores, higher values 
of soil water retention underneath the canopy can be related to greater macroporosity. 
Table 3. Mean soil water content with standard deviations at eight matric potentials for the two habitats, 
canopy and interspace (n=5) 
Habitats θ (-1 
kPa) 
θ (-3 
kPa) 
θ (-5 
kPa) 
θ (-7 
kPa) 
θ (-10 
kPa) 
θ (-33 
kPa) 
θ (-100 
kPa) 
θ (-1500 
kPa) 
 ————————————————m3 m-3 ———————————————— 
Canopy 0.43a  
(0.03) 
0.40a  
(0.02) 
0.35a  
(0.02) 
0.30  
(0.02) 
0.22  
(0.02) 
0.10  
(0.02) 
0.08  
(0.01) 
0.05  
(0.01) 
Interspace 0.36b  
(0.03) 
0.32b  
(0.03) 
0.29b  
(0.03) 
0.26 
 (0.04) 
0.21  
(0.04) 
0.10  
(0.02) 
0.07  
(0.02) 
0.05 
 (0.01) 
 
The soil water retention curves for the two habitats canopy and interspace were established 
using the van Genuchten model. Table 4 lists the mean values of the fitted van Genuchten 
parameters to the water retention data for the two habitats. 
The soil water content at saturation (θS) was higher underneath compared to outside the canopy 
(0.44 vs. 0.36 m3 m-3). This is a direct result of the increased total pore volume underneath the 
canopy. The residual water content was similar for both habitats. Also parameters α and n showed 
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corresponding values, indicating similar shape of the water retention curve underneath and outside 
the canopy. 
 
Table 4. van Genuchten parameters θr, θs, α and n obtained by fitting to water retention data for the two 
habitats, canopy and interspace (n=5) 
Habitats θr1 θS1 α1 n1 
 ————m3 m-3 ———— m-1 - 
Canopy 0.06 0.44 1.62 2.30 
Interspace 0.05 0.36 1.60 2.25 
1 θr is the residual water content, θS  the saturated water content, α and n are parameters of the van 
Genuchten model. 
 
The resulting soil water retention curves for both habitats are given in Figure 2. Especially in 
the wet range of the soil water retention curve, with matric potentials between 0 and -10 kPa, 
higher values of soil water content were found underneath compared to outside the canopy. The 
increase in water retention at low matric potentials can be attributed to the improved soil structure 
underneath the canopy. In the dry range of the soil water retention curve, with matric potentials 
between -10 and -1500 kPa, similar values of soil water content were found for both habitats. 
 
 
Fig. 2. Soil water retention curves with observation points for the two habitats canopy and interspace 
(n=5) 
 
In a final step, the soil physical quality parameters for the two habitats canopy and interspace 
are given in Table 5. 
Compared to outside the canopy, soil matrix porosity was significantly higher (p<0.05) 
underneath the canopy suggesting its ability to conduct larger amounts of water at lower matric 
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potentials. However, a non-significant increase in macroporosity was found underneath the 
canopy. The soil air capacity was significantly higher underneath compared to outside the canopy 
indicating a higher level of soil aeration. The PAWC was similar due to close values of soil water 
retention at field capacity and at permanent wilting point for both habitats. The RWC was lower 
underneath compared to outside the canopy due to higher water content at saturation whereas the 
water content at field capacity remained practically the same.  
 
Table 5. Soil physical quality parameters for the two habitats, canopy and interspace (n=5) 
Habitats MatPor1 MacPor1 AC1 PAWC1 RWC1 
 ——————————— m3 m-3 ——————————— - 
Canopy 0.32a  
(0.02) 
0.12  
(0.02) 
0.21a  
(0.02) 
0.17 
 (0.01) 
0.51 
 (0.03) 
Interspace 0.28b  
(0.04) 
0.08 
 (0.03) 
0.15b 
 (0.03) 
0.16 
 (0.04) 
0.59 
 (0.09) 
1 MatPor is the soil matrix porosity, MacPor the soil macroporosity, AC the soil air capacity, PAWC the 
plant-available water capacity and RWC the relative water capacity. 
 
Conclusions 
This study shows that Acacia trees have a positive influence on the soil hydraulic properties. By 
improving the soil hydraulic properties, Acacia trees have a strong influence on the water 
availability within the nursed ecosystem. Although Acacia trees do not affect the plant available 
water content, other vegetation will benefit through better aeration and infiltration capacity. 
Therefore, scattered trees can play a central role in the restoration of degraded drylands.  
Differences in hydraulic properties underneath and outside the canopy underline the 
importance of incorporating the spatial variability when developing hydrological models on a field 
scale. Further research will be carried out to investigate the effect of tree age, distance from stem, 
and direction on the soil hydrological properties. Additionally, the extent of influence of Acacia 
trees on those properties outside the canopy will be determined. This can provide useful 
information on how to upscale ecosystem processes from point to field scale and to investigate the 
benefits of incorporating spatial variability in hydrological models.  
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Abstract 
This communication describes the main components of a laboratory facility for use in 
investigations where erosion results from rain-impacted flow. The equipment consists of a rainfall 
simulator over a flume containing an erodible surface, and was developed to enable key properties 
associated with surface runoff and shallow-flow characteristics to be controlled and manipulated 
so that their respective influence on mobilisation mechanisms can be isolated and measured. This 
paper outlines the main components of the experimental erosion measurement facility. Key 
properties associated with the control and measurement of precipitation, runoff and erosion 
conditions during simulated rainfall events are described and some preliminary results are 
presented and briefly discussed. The findings illustrate the ability of the equipment to control 
conditions over multiple rainfall simulations and the need for operators to become fully conversant 
with the equipment. It is envisaged that data produced by this facility, under the guidance of 
experienced operators, will be of sufficient quality to contribute to development of physical-based 
rainfall erosion models. 
 
Keywords: erosion, rainfall simulation, physical-based model, shallow flow 
 
Introduction 
The use of rainfall simulators over flumes to study laboratory-based erosion processes represents 
one of the most important methods for gaining an improved understanding of many inter-rill and 
sheet erosion mechanisms. However, one problem with many existing laboratory-based systems is 
that accurate measurement of key erosion variables are often lacking. Isolating and measuring the 
relative influence of those variables is paramount in order to derive more meaningful inferences 
from the resultant data. Before individual erosion processes can be measured, the equipment needs 
have the capacity to isolate and measure those composite processes. A lack of satisfactory control 
options often hampers the ability of many existing erosion measurement facilities to draw 
meaningful conclusions about particular erosion mechanisms. In order to control and manipulate 
key factors, so that their respective influence on the erosion mechanisms could be isolated and 
measured, a rainfall simulator and flume was designed by the Physical Geography and 
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Environmental Change Research Group, University of Basel, Switzerland, to undertake 
experiments on erosion by rain-impacted flows. The development and subsequent use of such 
equipment provides an opportunity to investigate processes under closely controlled conditions. 
 
Erosion flumes 
The movement of sediment during rain-impacted erosion events on shallow overland flows is a 
complex process that is controlled by a number of key variables. These include the size and 
velocity of the impacting raindrops, the physical characteristics of the underlying soil matrix, the 
cohesion of the soil surface, the density of individual particles and aggregates, and importantly, 
the depth of surface flow (Kinnell, 1990), as this controls the extent to which impacting raindrops 
can penetrate and lift detached material into the flow. Erosion flumes, combined with a rainfall 
simulator, provide a convenient means of closely controlling those variables and are hence 
particularly useful for studying transport processes over a range of precisely measured flow 
depths, particularly where impacting raindrops represent the principal mobilisation mechanism. 
Many attempts to study these processes over shallow flow-depths have been hampered by a lack of 
techniques to measure individual erosion characteristics with a level of precision needed to draw 
meaningful inferences from the resultant data. 
 
Raindrop-induced saltation: a brief overview 
Raindrop-induced saltation occurs in shallow overland flows in areas where sheet and inter-rill 
erosion processes dominate (Kinnell, 2009). Raindrops penetrate the surface flow and cause 
material to move from the soil surface into the flow. The amount of material ejected from the soil 
surface is dependent on a number of variables that include the size and velocity of individual 
raindrops, the physical characteristics of the eroding material, and crucially, the depth of surface-
flow. Detached particles may, in association with individual drop impacts, saltate or roll in the 
direction of flow. Over time, those particles will gradually migrate in a downstream direction as 
they are repeatedly stimulated to travel limited distances within the flow. Kinnell (1988) thus uses 
the term ‘raindrop-induced flow transport’ (RIFT) to encompass these two particular mobilization 
mechanisms.  
 
Materials and Methods 
Preparation of the erosion flume 
Experiments were performed using a 0.4 m by 0.5 m by 0.1 m deep erosion plot which was 
located downstream of a 1.2 m by 0.5 m wide erosion flume, the configuration of which was based 
on a design originally used by Moss and Green (1983) and further adapted and refined by Kinnell 
(1988). Harvested rainwater was used to generate overland flow and was fed under closely 
controlled conditions and at a constant pressure into an upstream reservoir using a series of water 
pressure and flow control valves (Vögtlin Instruments: Types V-100, V-140 and V-400). The 
reservoir was sub-divided into five equally-sized compartments using 2 mm thick Perspex sheets, 
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each with a small sub-section removed in order to provide connectivity between compartments and 
so facilitate the downstream movement of water. The purpose of this particular design was to 
extend the flow-pathway of the water in order to allow surface currents to dissipate as the water 
flowed over the substrate in the erosion plot. A weir positioned at the downstream end of the 
flume could be adjusted to control the depth of water flowing within the erosion plot. The weir 
height was adjusted during initial pilot experiments, typically at 0.5-1 mm increments in order to 
obtain a range of appropriate flow-depths representative of shallow-flows (Kinnell, 1990, 2005). 
Also incorporated into the design of the erosion flume was a 0.1 m ‘sediment collection chamber’ 
which was located between the downstream edge of the erosion plot and the weir. As its name 
implies, its purpose was to collect any material that saltated or rolled off the plot during an erosion 
event. A ripple guard, fitted across the sediment collection chamber and ca. 25 mm downstream of 
the edge of the erosion plot, prevented surface-ripples generated by impacting raindrops from 
disturbing the flow of water over the weir and altering the flow-depth on the plot. 
A series of calibration experiments were undertaken in order to determine the correct inflow of 
water needed to attain the range of appropriate flow-depths required. Each calibration experiment 
involved filling the plot with a chosen substrate, which for all experiments reported here was sand 
with a grain size range of between 100-500 µm (median D50 = 350 μm). Sand was placed in the 
plot, roughly leveled and then slowly saturated with water to remove large voids and to purge any 
trapped air from the interstices. The surface of the sand was then carefully leveled using a ca. 0.5 
m length of rigid aluminium ‘box-section’ (dimensions: 25 mm * 25 mm) and using the up and 
downstream boundaries of the plot as ‘guides’ so that the prepared surface was generally flush 
with both profiles each time. The plot was then drained and the height of the bed-depth at the 
downstream end of the plot (hereafter referred to as the ‘active zone’ (Kinnell, 1990)) was 
accurately measured using equipment consisting of a profile-bridge, which spanned the width of 
the plot, a digital Vernier Caliper and a galvanometer (and hereafter collectively referred to as the 
‘measurement equipment’). The fixings for the measurement equipment were designed so that it 
could be firmly and rapidly fixed to the plot, or completely removed during rainfall events. Its 
design also permitted the caliper and galvanometer to move laterally across the full width of the 
active zone. This design provided an effective way of accurately deriving a mean bed-depth value 
to an accuracy of two decimal places. To ensure that both bed and / or flow depths were measured 
at the same locations each time, eight predetermined re-measuring points were established at 
equidistance intervals along the profile bridge. This provided a simple yet extremely effective way 
of rapidly and accurately re-positioning the caliper at each re-measurement point in order to 
precisely quantify the distance (mm) from the profile-bridge to the surface of any given medium. 
The main features of the erosion flume can be seen in Fig. 1. 
In order to ensure that depth measurements were consistently accurate, two small electrodes 
were fixed flush with the tip of the caliper and were connected to a galvanometer. When both 
electrodes made contact with the surface of the wet sand or water, a very small current passed 
between the electrodes and was immediately displayed on a voltage-meter display located adjacent 
to the caliper. This design gave a precise and extremely consistent indication of when the 
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electrodes, and hence the tip of the caliper, made contact with the surface of the medium being 
measured. 
 
 
Fig. 1. Key features of the erosion flume include the weir (left foreground), the measurement 
equipment over the active zone (left-central foreground), the erosion plot (left-centre), and the 
reservoir (upper-right background). The ripple guard is absent in this photograph 
 
Once the initial bed-depth was measured, a controlled flow of water was established over the 
erosion surface and the whole system was left for five minutes to re-equilibrate and become 
‘stable’. The same protocol used to measure the initial bed-depth was then repeated to determine 
the distance to the water-surface and flow-depth was calculated by subtracting bed-depth values 
from corresponding surface-flow values. 
A depth-averaged flow-velocity of 40 mm s-1 was used, which was well below the flow-
velocity threshold capable of causing incipient motion when raindrop impact was absent. Flow-
depth calibration experiments were performed to determine the exact flow rate needed to attain the 
above flow-velocity for any given weir height. This was achieved by measuring flow depths over a 
range of flow rates and selecting the required rate from the calibration curve derived from 
Equation 1. 
 
fv = f*106/a (1) 
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where fv represents the flow-velocity of water over the bed-surface (mm s-1); f represents the 
flow- rate (l s-1); and a represents the area (mm-2) of the cross section (i.e. plot width * flow 
depth). 
 
The rainfall simulator 
The rainfall simulator consisted of a box 0.8 by 0.8 by 0.05 m fabricated from Perspex sheets, 
which formed a watertight reservoir capable of storing ca. 30 l of water. The 0.85 by 0.85 by 0.02 
m Perspex base-plate was perforated on a 25 mm grid, giving a total of 784 perforations. A plastic 
insert was fitted into each perforation to form a watertight seal and a hypodermic needle 
(manufacturer: Biola Bioject, Switzerland; needle dimensions, 23G x 1 ½’’ (38 mm)) was then 
pushed onto each insert. The 784 needles collectively generated raindrops with a median drop 
diameter of 2.6 mm (measured at an intensity of ca. 100 mm hr.-1). Raindrop fall height from the 
point of formation to the bed surface was approximately 3.0 m. In order to minimize spatial 
heterogeneity in rainfall intensity, electric motors moved the whole simulator ca. 25 mm laterally 
and ca. 100 mm parallel to the direction of water-flow over approximate 2 minute cycles. 
Simulated erosion events were limited to 10 minutes duration and rainfall was applied at an 
intensity equivalent to ca. 100 mm hr.-1 (± 2 mm). In an attempt to maintain a suite of as near-
constant erosion conditions as possible during each event, the flow entering the upstream end of 
the flume was reduced to compensate for the volume of water falling onto the plot as raindrops. A 
perforated tube mounted in the base of the box containing the eroding material near its 
downstream end was connected hydraulically to ca. 12 mm internal dia. glass pipette mounted 
outside the rained-on area, which enabled changes in flow depth to be monitored during rainfall. 
The height of water in the pipette was measured using a Vernier Caliper before, during and after 
each rainfall event, again, to an accuracy of two decimal places. Measurement of the outflow rate 
and flow depth change after five minutes of rain had been applied were used to determine the flow 
depths and flow velocities applicable during the erosion experiments. 
 
Preliminary Results 
Control of flow-depth and bed-flow velocities 
A total of 46 pilot experiments were undertaken during 2012. These trials provided an opportunity 
to determine the ability and precision with which the water- and flow-control features could be 
adjusted in order to replicate a suite of as near constant eroding conditions as possible over 
multiple rainfall events. Importantly, when conducting experiments to investigate erosion 
processes such as raindrop-induced saltation in shallow flows, the two variables that affect erosion 
the most (flow-depth and flow-velocity) are seldom controlled or measured accurately. The pilot 
experiments represented a means of determining the accuracy with which multiple rainfall events 
could be performed over a range of representative flow-depths, whilst crucially, creating flow-
velocities as close to 40 mm s.-1 as possible over the bed surface. Flow-depth and flow-velocity 
data from the pilot runs are presented in Fig. 2. Based on the variability of the average flow-
velocity values shown in Fig. 2., the data can be sub-divided into two distinct groups. Data from 
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the first phase (hereafter referred to as Group I), which were generated during the earlier stage of 
the equipment assessment phase, incorporate results from pilot experiments 1-26. In this group, 
the minimum flow-depth was 1.69 mm, the maximum flow-depth was 4.12 mm, and the average 
flow-velocity was 43.44 mm s.-1 with a standard deviation of 5.05 mm s.-1. The second group 
(hereafter referred to as Group II), which consist of data from pilot experiments 27-46, had 
minimum and maximum flow-depth values of 4.43 mm and 7.95 mm, respectively. In comparison 
to Group I, the average flow-velocity measured 40.19 mm s.-1 with a notably lower standard 
deviation of 1.54 mm s.-1. The relatively high standard deviation value for Group I indicates that 
flow-velocity was considerably more difficult to control over flow-depths < ~ 4mm. This may 
reflect the influence of friction as the shallow-flow moved over a coarse substrate. In addition, 
surface tension may also have contributed to poor flow-velocity control, as water exiting the plot 
did not flow over the full width of the weir on some occasions (i.e. flow-depth below 3mm). 
Attempting to reduce the effect of surface tension by adjusting the design of the weir represents a 
focus for future refinements to the equipment. 
 
 
Fig.2. Average flow-velocity and flow-depth values derived from a total of 46 pilot experiments 
conducted to test the performance of the equipment. The target 40 mm s-1 flow-velocity is 
depicted as a dashed line 
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The average flow-velocity from Group II was much closer to the target 40 mm s.-1 value. This 
combined with the much lower standard deviation, which indicate that all obtained flow-velocities 
were consistently closer to the desired target value, may reflect a progressive decrease in operator 
error. 
 
Conclusions 
The results presented above emphasize the need for operators to fully test the performance of new 
equipment before embarking on experimental erosion measurement investigations, as this allows 
them to become fully conversant with the varying flow and measurement control features. Despite 
this cautionary yet elementary proviso, however, the preliminary data presented in this 
communication is extremely encouraging and highlights the overall potential of the equipment to 
consistently replicate a suite of as near constant erosion conditions over multiple rainfall events. 
By continuing to comprehensively test the control functions of this facility, improvements on data-
quality may ultimately further current understanding of the inter-relatedness of key controlling 
variables, such as water-depth, flow-velocity, raindrop size and grain-size characteristics. Such a 
requirement is paramount to the generation of high quality data if a deeper understanding of key 
erosion processes is to be achieved.  
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Abstract 
Estimation of sediment amount to be delivered in a particular water reservoir has very significant 
implications for energy and agricultural water use, and soil erosion is probably the single most 
important means that threatens the sustainable use of reservoirs planned for these objectives in the 
catchments of Turkey. In this research, soil loss predictions by the integrated RUSLE/SDR 
technology at the micro-catchment scale were compared with the suspended sediment loads 
directly measured at monitoring stations in the Buyuk Menderes Catchment in order to determine 
the model capability in estimating the amount of sediments arriving in the measuring stations. 
Along with the Sediment Delivery Ratio (SDR), both tools of Geographic Information Systems 
(GIS) and Geostatistics were integrated with RUSLE to approximate the annual sediment flux 
rates (t ha-1 yr-1). In the study catchment, there were two sediment monitoring stations, Çine Creek 
and Aydin Bridge stations, each fed by the sediments from the 22 and 303 micro-catchments, 
respectively. The results indicated that there were significant discrepancies between the estimated 
values by the USLE/RUSLE methodology and directly measured values by the EIEI. 
 
Keywords: RUSLE, SDR, GIS, Geostatistics, sediment flux, Büyük Menderes Catchment 
 
Introduction 
Soil erosion has been among the most common reasons of soil degradation in semi-arid regions 
since the primitive ages of agriculture. Soil erosion has significant impacts on soil characteristics; 
decreases infiltration rates and water holding capacity; increases surface runoff and causes 
leaching of nitrogen, phosphorus and other plant nutrients and transports the upper soil layer. Not 
only the agricultural lands but also the forest and pasture are also affected from soil erosion 
Therefore, the areas with possible erosion risks and the severity of erosion should be determined 
basin-wide to prevent erosion and to provide proper agricultural and natural resource 
management. There are several mathematical models developed for soil erosion estimation 
(Wischmeier and Smith, 1978), which could be used for sustainable resource management and 
land use planning. 
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Universal Soil Loss Equation (USLE) and the Revised Universal Soil Loss Equation (RUSLE) 
are the two most commonly used erosion estimation models. The equations provide basin-wide 
annual soil loss by multiplying the factors of rainfall erosivity (R), soil erodibility (K), slope length 
and steepness (LS), cover management (C), and support practice (P) (Renard et al.,1997). 
Together with Geographical Information Systems (GIS), remote sensing and geostatistical 
techniques, spatial distribution of each component of the equation within the basin can also be 
determined beside the estimation of annual soil loss (Molnar and Julien, 1998; Millward and 
Mersey, 1999; Mati et al., 2000, 2001; Kinnell, 2000; Jain et al., 2001; Lufafa et al., 2003; Wang 
et al., 2003; Amore et al., 2004; Erdoğan et al., 2007; Ozcan et al., 2008). 
In this study, conditions of application of the USLE/RUSLE methods were investigated in 
Turkey, potential and actual erosion areas of the Buyuk Menderes Catchment were determined as 
erosion map surfaces The sediment delivery ratio (SDR) was also estimated and by this the 
amount (t ha-1 yr-1) that reached to the outlet of the micro catchment in the study area was 
predicted. Finally, these values were compared with the directly measured sediment fluxes at the 
outlets of the research catchments by the Electricity Works Survey Administration (EIEI). 
 
Materials and methods 
The surface area of Buyuk Menderes Catchment is about 24958 km2 and the catchment is located 
in West Anatolia, Turkey. The study area has a Mediterranean climate with minimum and 
maximum temperatures of 8-10 and 34-45 °C, respectively, and the annual precipitation is about 
610 mm. In the area, elevations vary from 0 to 2570 m above sea level. The land uses in that area 
are forestry, agriculture and grassland (Fig. 1). 
 
Fig. 1. The study area (Buyuk Menderes Catchment), (OSB, 2012) 
The digital databases (raster and vector) used together with the USLE/RUSLE technology are 
following: 
• Topographical maps (1:25.000) 
• Digital elevation models (1:25.000) 
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• Forest maps (1:25.000) 
• Soil maps (1:25.000) (Anonim, 1982) 
• Land use data (CORINE, 1992) 
• Catchment and river data (DSİ) 
• Dams data (DSİ) 
• River sediment data (E.İ.E.İ, 2006) 
• Erosivity map (Kaya, 2008; Erpul et al., 2009). 
 
The combined RUSLE/SDR methodology was used for this study to estimate sediment flux 
rates (t ha-1 yr-1) in the Buyuk Menderes Catchment. A SDR value was added as a multiplier to the 
well-known  Revised Universal Soil Loss Equation (RUSLE) (Wischmeier and Smith, 1978; 
Renard et al. 1997): 
 
SDRPCSLKRA ××××××=       (1) 
 
where, A is the mean annual soil loss (t ha−1 yr−1), R is the rainfall erosivity factor (MJ mm ha−1 h−1 
yr−1), K is the soil erodibility factor (t ha h ha−1 MJ−1 mm−1), L is the slope length factor, S is the 
slope steepness factor, C is the cover management factor, and P is the support practice factor. 
Soil, topography, vegetation and climate data prepared by the different governmental agencies 
were used for the application of the USLE/RUSLE method in each micro-catchment of the Buyuk 
Menderes Catchment. The estimated values were compared with the observed amounts at the 
sediment measurement stations after detailed delineation of the contributing areas. 
The subfactors of the USLE/RUSLE methodology were estimated using the national erosivity 
map, soil map, DEM, CORINE and forest maps for R, K, LS and C, respectively. Additionally, 
the upper contributing areas of the significant dam reservoirs were introduced as the P factor, 
considering their areal proportion over the catchment. Geographic Information Systems (GIS), 
Remote Sensing (RS) and Geostatistical Techniques assisted the calculation of the subfactors. 
Each step was composed by the Ministry of Forest and Water, Department of Data Processing. 
 
Results and discussion 
The R factor of the Buyuk Menderes Catchment was  cut out from the Turkey Erosivity Map 
(Erpul et al., 2009). The average R factor changed between 1.309–2.103 MJ mm ha-1 h-1 yr-1 in the 
large part of the catchment. R factor values increased in the Southwest and West of the catchment 
due to the proximity to the sea (2.103–4.484 MJ mm ha-1 h-1 yr-1). 
The potential erosion risks were severe all over the catchment except the alluvial plains. Soil 
losses (A) are between 0 and 10 t ha-1 yr-1, 10 and 50 t ha-1 yr-1, and higher than 50 t ha-1 yr-1 in 
alluvial terrace areas, colluvial areas and steeply sloping areas, respectively. When compared to 
the tolerable soil loss (T), which might be defined as 5 t ha-1 yr-1 at the relatively faster soil 
formation conditions of the Mediterranean climate, the erosion risk over the most of the catchment 
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is at threatening level, indicating that the soil loss was higher than the soil formation of (A>T) 
(Fig. 2).  
Additionally, these raster surfaces, showing the severity of the erosion quantitatively, allowed 
to calculate the total amounts of the sediments leaving out of the given micro catchment and 
provided an opportunity to compare the amounts officially given by E.İ.E.İ. from the sediment 
measurement stations at the outlet of the certain micro-catchments. In fact, in our comparative 
analysis, we used two micro-catchments, the outlets of which were at the Aydın Bridge and at the 
Çine Creek. The areas of the micro-catchments feeding these measurement stations were 
determined by using Büyük Menderes Catchment micro-basins database through GIS. 
 
Fig. 2. The map of the soil loss of the Buyuk Menderes Catchment, prepared using the USLE/RUSLE 
methodology 
The comparison between the estimated and observed values is given in Table 1. The measured 
sediment fluxes as long term averages by the Electricity Works Survey Administration (EIEI) 
were 794.20 and 2243.30 t ha-1 yr-1 at the stations of Çine Creek and Aydın Bridge, respectively. 
However, the estimated soil loss by the RUSLE/SDR technology as totals of the 22 and 303 
micro-catchments were 238.67 and 412.04 t ha-1 yr-1, respectively.  
Table 1. The estimated values by the USLE/RUSLE methodology and directly measured values by the EIEI 
at the stations of the Aydin Bridge and Çine Creek 
 
Micro 
catchment  
Aydın Bridge  Çine Creek  
E.İ.E.İ 
USLE/ 
RUSLE 
E.İ.E.İ 
USLE/ 
RUSLE 
 
Average 
Max  
 
2.243,30 
48.587,80 
 
412,04 
1.945,01 
 
794,20 
53.104,50 
 
238,67 
5.771,23 
 
These results showed that the RUSLE/SDR technology appeared to underestimate the sediment 
fluxes for both stations. This could be caused by two reasons: one is that RUSLE could not 
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consider the sediment amounts by gully and stream bed and bench erosion although its flow-
accumulation approach partially interacts with the gully erosion, and another is that some degree 
of error could be involved in calculating SDR values by the surface area of the micro-catchments. 
The area-weighted mean SDR values were 0.366 and 0.342 for the stations of Çine Creek and 
Aydın Bridge, respectively. 
 
Conclusion 
The study showed that there are needs for determining both partial contribution of the river and 
highland erosion processes into the sediment fluxes and the efficiency of the stream drainage 
pattern in delivering sediments at the micro-catchment scale in the Buyuk Menderes Catchment, 
Turkey. 
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Abstract 
Although wind erosion is a major environmental problem in Konya basin, Turkey, measurements 
on this problem are quite limited and the most of previous researches were carried out on minor 
scales. As data provided throughout these researches represented small area and specific land 
cover in the region, they do not provide reliable knowledge on wind erosion problem in the region. 
The objective of this research was to assess aeolian-sediment transport for different land covers in 
the region of Karapinar Turkey by the use of moving plot approach. This approach depends on 
measuring the saltation-based aeolian sediment transport at the main land covers exist in the 
region. Since the equipment required for measuring aeolian sediment mass transport at regional 
scale are currently not available, it was decided to use the moving plot method. In our 
measurements, we chose a total number of five plots in the region of Karapinar, and these plots 
represented the land covers of agricultural fields, fallow fields, sand dunes and pastures. The 
measurements took place in the wind erosion season of 2011 and 2012. At each plot, a minimum 
number of 20 BEST (Basaran & Erpul Sediment Trap) were mounted for sampling the eroded 
material. Besides the sampling of transported aeolian sediment, climate variables (wind profile, 
temperature and relative humidity) were measured by installing a climate station at each 
measurement plot. Collected data were analysed and the wind-value standardized mass transport 
(MS) was used to compare the erodibility for different land covers. The results showed that high 
rate of MS was recorded at the sand dunes fields and the minimum MS at the pastures as natural 
vegetation protected the soil surface from erosive wind. Moreover, the findings clearly revealed 
that the approach of moving plot is a suitable method for improving an insight on wind erosion 
problem at the regional scale. 
 
Keywords: wind erosion, regional scale, aeolian mass transport, Karapinar, Turkey 
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Introduction 
Degradation is one of the most serious environmental problems (Maurer et al., 2010; Sivakumar et 
al., 2005; Stroosnijder, 2005). It is defined as the reduction in ecosystem services to the level at 
which land production becomes insufficient to provide the essential substance for human life 
(MEA, 2005). Arid, semi-arid and dry sub-humid regions are the most sensitive areas for land 
degradation and wind erosion (Stroosnijder, 2005). In these regions wind erosion is the dominant 
degrading process (Lal, 1990; Leenders et al., 2011b; Maurer et al., 2010; Shao, 2008; 
Stroosnijder, 2005). Wind erosion occurs when the soil is dry, loose and bare (Sterk, 1997). The 
main negative effects of wind erosion can be seen on agriculture, environment and human health 
(Cornelis et al., 2010; Sharratt et al., 2007; Youssef, 2012). Vegetation cover is a significant factor 
for protection the soil surface against erosive wind (Youssef, 2012). Thus, a change in vegetation 
cover has a direct impact on the quantity and intensity of wind erosion. Vegetation has an ability 
to decrease the soil loss due to wind erosion through the protection of the soil surface, the 
reduction of the wind speed and the trapping of saltated particles (Leenders, 2006; Leenders et al., 
2011a; Leenders et al., 2007; Van De Ven et al., 1989; Youssef, 2012). Sterk and Spaan (1997) 
indicated that covering soil surface with millet stalks in a Sahelian agricultural field declined the 
sediment transport during few wind storms. However, they also suggested that a minimum level of 
surface cover should be applied to avoid the increase in sediment transport due to the increased 
turbulence. There are only few studies that have examined wind erosion at the regional scale. 
These studies depend mainly on remote sensing (RS) technology (Leslie and Speer, 2006; Shao 
and Zhao, 2001). Usually, the RS-based studies for wind erosion focus on suspension process and 
in most cases they ignore saltation process through which 50-80 % of sediment are transported 
(Sterk, 1997; Visser and Sterk, 2007). The saltation studies of wind erosion are based on sampling 
materials transported through saltation by the use of sediment catchers (Sterk, 1997; Visser et al., 
2005; Youssef, 2012). The outcomes of saltation-based studies are much closer to real ground 
situation than the measurements that focus mainly on suspension process (i.e. RS-based 
measurements). However, to date, the saltation-based measurements cover small areas such as plot 
of field scales. And thus, further insight on wind erosion generally and on saltation process 
specifically at regional scale is still missing. This insight is required for land managers and policy 
makers to improve polices for soil and water conservation in dry lands. Youssef (2012) suggested 
a new method for measuring saltation at the regional scale by the use of “moving plot” method. 
The suggested method was tested in the Khanasser valley, Syria. Research on wind erosion in 
Turkey was restricted to point or plot scales and there are no knowledge about these problem at 
regional scale. The objective of this research was to assess wind erosion in general and aeolian 
sediment transport specifically at different land covers in the region of Karapinar Turkey, 
throughout the use of moving plot method. 
 
 
 
120 Desertification and Land Degradation 
 
Materials and methods 
Study area 
Karapinar (37˚42΄53΄΄N, 33˚33΄03΄΄E) is located in Konya basin in the centre of Anatolia, Turkey 
(Fig. 1). The total area of Karapinar is 2,675 km2. It has the driest climate in Turkey with an 
annual precipitation of 275 mm and an average daily temperature of 11.5 °C. About 45 % of the 
precipitation falls between December and March. Wind erosion and desertification are common 
problems (Desire Konya, 2008) in the region. The erosive wind comes from the south-southwest 
and is dominant with velocities that can exceed 25 m s-1, and about 72% of the wind erosion 
events occur between December and May (Kuzucuoglu et al., 1998). 
  
                  
 
Fig. 1. Location of Karapinar in Turkey 
Measurement plots 
The measurements took place in the wind erosion season in 2011 and 2012 at the main land covers 
in the region. These land covers included: 1) Ploughed field land (PL), 2) Fallow field land (FL), 
3) Sand dune land with small bushes (SL) 4) Sand dune land (SD), 5) Pastoral Land (PAL). A 
short description about each of measurement plot is provided below: 
Plot in PL: The topography of surface was generally flat and the area was ploughed few days 
before the starting of the measurements. The plot was surrounded by homogenous untouched 
grassland having vegetation of about 80 % (determined visually) with average height of 10 cm 
(Fig. 2, A). 
Plot in FL: In this area there were no recent ploughing activities as at least for one year the 
area is abandoned without any cultivation activity. The soil had a relatively thin crust layer. After 
some slight rainy days the vegetation cover started to grow. The neighbouring fields were planted 
with wheat. The heights of wheat stems were averagely 10 cm at the beginning of the experiment 
but gradually reached to approximately 170 cm by the end of measurements (Fig. 2, B). 
Plots in SL and SD: These plots were located in a hill slope named “Ornek tepe” and the soil 
was seriously degraded, dispersed and obviously sensitive to erosive wind. In the area of SL, short 
bushes with long roots were present with average cover of 30-45 %. The plot of SD had a 10 
meter higher altitude than the plot of SL. Soil texture on both plots was sandy with very slight 
amount of organic material (Fig. 2, C and D). 
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The plot in PAL: The plot had a smooth topography, and there were shrubs and bushes with 
average density of around 60% and average height of 25 cm. Furthermore, a strip of trees was at 
the edge of the plot from the upwind direction. A number of BEST samplers (Basaran et al., 2011) 
were installed within the tree-strip area. This area had a width of approximately 10 m and included 
pine trees with average height of 4-5 meters. The surface had a thin crust layer. Soil texture was 
sandy loam and organic material was relatively higher in this plot than the other plots, and the 
surrounding area was typical grassland (Fig. 2, E). 
 
 
Fig.2. A view of the measurement plots A: Ploughed land (PL), B) Fallow land (FL), C) Sand dune 
land with small bushes (SL), D) Sand dune land (SD), and E) Pastoral land (PAL) 
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Soil properties for each measurement plot were determined in the laboratories of the Soil 
Science and Plant Nutrition Faculty of Agriculture, Ankara University. 
 
Field measurements 
To measure aeolian mass flux rates in the region, BEST (Basaran et al., 2011) sediment traps were 
used. These traps were assembled on a metal bar with standard height of 1 meter, each holder bar 
consists of a sail, which ensures that the trap is always faced the wind and five collectors were 
screwed on each bar with heights of 20, 40 60, 80 and 100 cm. The measurements took place at 
five plots represented the main land covers in the region. At each plot, a minimum number of 20 
measurement bars were installed to sample the eroded materials during wind events. The wind 
profile was measured using five anemometers recording wind speeds at heights of 110, 151, 209, 
293 and 393 cm. A wind vane at a height of 2 m, recorded the wind direction. A saltiphone (Spaan 
et al., 1991) to measure the duration of the events was used. The other climate variables including 
temperature, relative humidity, and soil moisture were measured continuously during measurement 
periods. After each wind event, the collected materials were weighted and bulk aeolian mass 
transport profile was obtained following the model suggested by Sterk and Raats (1996) as: 
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where, a, b, c, and d are the regression coefficients of the model, h is the maximum 
transport height. 
 
Data analyses 
Wind-value standardized mass transport: The term of wind-value standardized mass transport was 
suggested by Youssef (2012) in order to compare the aeolian sediment mass transport among 
different land covers regardless the effect of the wind power associated with each single event. 
The proposed term depends on the correction of the mass transport values with the wind value for 
the event and calculated as: 
 
WMMS /=  (2) 
 
where, MS is the wind-value standardized mass transport (kg m-4 s3), M (kg m-1) is the mass 
transport and W is the wind value (m/sec)3. The wind value is calculated using the equation 
proposed by Fryrear et al. (1998): 
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where, Ui is the wind speed for the time step (i) (in our measurement time intervals was 5 minutes) 
at 2 m height (m s-1), (only values larger than Utm are used). Utm is the threshold velocity (5 m s-1 
was used for SL and SD and 6 m s-1 for the rest land covers). 
 
Results and Discussion 
In the current paper elementary results of the research are provided as the data analyses and the 
modelling part of the research are still under processing. The soil properties of the measurement 
plots are given in Table 1. 
 
Table 1. Soil properties for each measurement plot 
Soil properties  
Plots 
PL FL SL & SD PAL 
PH 7.6 7.5 8.1 7.7 
CaCO3 (kg/kg) 0.4 0.4 0.3 0.4 
Organic matter (kg/kg) 0.0 0.0 0.0 0.0 
CEC (meq/100gr) 17.2 16.2 8.7 17.5 
Bulk density (Mg/m3) 1.4 1.4 1.6 1.1 
Sand (kg/kg) 0.6 0.7 0.9 0.5 
Very fine sand (kg/kg) 0.2 0.2 0.1 0.0 
Silt (kg/kg) 0.2 0.2 0.0 0.3 
Clay (kg/kg) 0.2 0.2 0.1 0.3 
Initial water content 0.2 0.1 0.1 0.2 
Saturation water content  0.3 0.3 0.3 0.4 
Field capacity content 0.2 0.2 0.1 0.3 
Wilting point content  0.1 0.1 0.1 0.2 
Air entry potential (kPa) 2.9 2.9 5.1 2.8 
Saturated hydraulic conductivity (m/s) 5E-07 5E-07 6E-06 9E-07 
 
The texture is sandy loam for PL, FL and PAL, and sandy for SL and SD. The highest pH 
value was found for plots of SL and SD. All plots have a high value of CaCO3 and low organic 
matter (lower than % 1 for all plots). Table 2 shows, for each event, the mean values for wind 
speed and wind direction and the duration of the event calculated by the Saltiphone or by the use 
of threshold wind velocity (6 m s-1). Furthermore, the mean values of the mass transport (averaged 
over all catchers in the plot) are provided in the table. The longest wind event was 1240 minutes at 
the event FL3, while the shortest event was 50 minutes at the event FL4. The highest average wind 
speed during the period of measurements was recorded as 8.6 ms-1 at the PL1 event and the 
minimum average wind speed was for the event PL4 (6.3 m s-1). The higher mass transport value 
was measured for the events in the sand dune area SD in which the surface is bare and the texture 
is sand. In this land cover the first wind event associated with a very high mass transport (as an 
average of 73.4 kg m-1). 
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Data obtained by moving plot method during the measurement periods are illustrated in Table 
2. These data showed that the approach of moving plot enabled an overview about the aeolian 
sediment transport for the main land covers in the region of Karapinar. 
 
Table 2. Main characteristics of wind events and measured mass transport amounts 
Land cover  Wind event * Event 
duration 
(min) 
Mean wind  
speed (m/s) 
Mean wind  
direction 
(degree) 
Mass 
transport 
(kg/m) 
σ 
(kg/m) 
Range 
(kg/m) 
 
Ploughed 
PL1 400.0 8.6 163.0 0.3 0.2 0.8 
PL2 835.0 7.7 195.0 0.1 0.1 0.5 
PL3 1240.0 7.7 173.0 0.2 0.2 0.7 
PL4 50.0 6.3 192.0 0.2 0.1 0.4 
Fallow 
FL1 400.0 8.6 163.0 0.3 0.2 0.6 
FL2 835.0 7.7 195.0 0.1 0.1 0.2 
FL3 1240.0 7.7 173.0 0.2 0.1 0.4 
FL4 50.0 6.3 192.0 0.2 0.1 0.5 
Shrubby 
SL1 495.0 6.7 100.0 3.9 3.6 13.5 
SL2 No data No data 130.0 0.2 0.3 1.1 
SL3 85.0 7.7 102.0 1.9 1.5 5.2 
Sand Dune  SD1 495.0 6.7 100.0 73.4 113.6 425.3 
SD2 No data No data 130.0 11.3 29.0 98.0 
SD3 85.0 7.7 102.0 18.2 43.2 196.1 
Pasture  PAL1 140.0 6.6 166.0 0.1 0.1 0.6 
*wind events were numbered using the land cover symbol and the number of the storm in each plot i.e. PL1 
stand for the ploughed land cover, event number 1.  
 
This high value indicates that without conservation policy against wind erosion in the region a 
catastrophic wind erosion problem could happen. The second high values for the mass transports 
were measured at the SL area that had the same soil texture as SD but with some bushes at the 
surface. These bushes were mainly the primary cause for minor mass transport for this land cover 
compared with the SD land cover. The other land covers (ploughed, fallow and pastures) had 
relatively comparable results of mass transport ranged from 0.1 to 0.3 kg m-1. 
 
Wind-value standardized mass transport (MS) 
MS and the wind value were calculated using Eq. [2] Eq. [3], respectively. The results of MS for 
each land cover are provided in Fig. 3. The figure shows that the minimum MS was associated 
with PAL land cover. PAL land cover included the natural vegetation and a strip of trees was 
present at the edge of the plot. Thus, the theoretical expectation was that this land cover would be 
associated with a minimum value for the mass transport. However, that was not clear when mass 
transport value was considered (Table 2). So values of mass transport associated with pastures, 
fallow and agriculture land units had comparable values (Table 2). Nevertheless, the MS values 
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provided in Fig. 3 indicate that the PAL land cover had obviously less values than those of the 
other land covers. At the same time the figure shows that highest value of the MS for the SD land 
cover which was expected. Therefore, it was concluded that the use of MS value is more suitable 
to compare different land covers than the use of mass transport values alone. 
 
 
Fig.3. Wind-value standardized mass transport for each land cover 
 
Conclusions 
From the elementary results of this study it can be concluded that 1) the area of Karapinar still 
suffers from the wind erosion problem, and for certain land covers this problem is considered to 
be at catastrophic level such as the sand dunes areas. 2) the moving plot method is a good method 
to observe the wind erosion at the regional scale as it provided insight on the aeolian sediment 
transport at the main land covers in the region 3) the wind-value standardized mass transport is a 
useful criteria to compare different land covers in a region regardless the effect of the event power.  
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Abstract 
Recent studies have shown that the vector physics of wind-driven rain (WDR) varies with the 
angle of rain incidence, and especially under high rain inclinations, the slope aspect makes 
significant differences in the vectoral partitioning of the total rain energy flux. Since interrill 
erosion processes of WDR such as soil detachment by raindrop impact and particle transport by 
raindrop-impacted thin flow transport require a component-wise evaluation of fall vectors of both 
rainfall intensity and raindrop impact velocity, knowing energy flux distribution over a soil surface 
with a given slope gradient and aspect play a key role to model the sub-processes physically. In 
this study, vectoral distribution of kinetic energy flux of the wind-driven rains with different slope 
gradients and aspects were measured using two-dimensional experimental setups at the wind and 
rain simulation facility of the International Center for Eremology (ICE) in Ghent University in 
Belgium. Varying fall incidences were obtained by the rains driven by the wind speeds of 0, 6, 10, 
12 ms-1 over a test surface placed on windward and leeward slopes of 2, 3, 4, 5, 7, 9, 11°.  In the 
experiments, the WDR incidence angles, calculated by integrating the degrees of rain inclination, 
slope gradients and aspects, ranged between 2o and 72o and 2o and 85o for windward and leeward 
slopes, respectively. Depending upon the wide range of the incidence angles, the partition of the 
total kinetic energy flux (KET, J m-2 s-1)  into its components also changed highly; for example, 
although the highest normal rain energy flux (KEN = 0.247 J m-2 s-1) was obtained with the wind 
free rains incident on windward slope of 2o, the lowest was with the wind-driven rains driven by 
12 ms-1 wind speed and incident on leeward slope of 11o (KEN = 0.025 J m-2 s-1). On the other 
hand, for the same WDR incidences, the values of the along-surface rain energy flux (KES) were 
0.0003 and 0.602 J m-2 s-1, respectively. For these extreme conditions the changes for KEN and 
KES were in the order of magnitudes of 10 and 103, respectively. Given the fact that the sub-
processes of interrill erosion under WDR are closely related to the vector field at the impact-flow 
boundary and the differences in the distribution of KEN and KES would result in diverse sediment 
delivery rates as the angle of WDR incidence vary. 
 
Keywords: wind driven rain, vector physics, kinetic energy, angle of rain incidence 
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Introduction 
The rain kinetic energy is widely used in development of process-based interrill erosion of WDR 
simulation models since it has a potential ability both in initiating detachment by the rainsplash 
and in transporting the detached particles after shallow overland flow occurs on the soil surface 
(Erpul, 1996, 2001; Erpul et al., 1998, 2000; Erpul et al., 2002, 2003a,b, 2004a,b, 2005, 2008, 
2009a,b; Cornelis et al., 2004b,c.). 
Principally, the total rain kinetic energy flux (KET, J m-2 s-1) is computed by summing the 
kinetic energy of each single raindrop that crashes the soil surface. The information provided by 
terminal fall velocity and drop diameter allows one to calculate magnitude of kinetic energy 
(Laws, 1941; Gunn and Kinzer, 1949). But in the vector field area, since the each raindrop has 
significant inclinations from the vertical, especially under high wind velocities, the vectoral 
partitioning of the total rain energy flux is obviously essential. On the other hand, the slope aspect 
also causes differences in the total rain energy flux depending on the angle of slope incidences 
under WDRs. So, incorporating the inclinations of raindrops induced by wind speed and angles of 
slope aspects, provide a better understanding for kinetic energy flux distribution all over a soil 
surface.  
Quantitative equations for estimating soil losses by the integrated action of raindrop incidences 
and slopes aspects have recently been improved, and a large number of studies of WDR erosion 
processes have been performed. For instance, the experiments which were conducted at the wind 
tunnel rainfall simulator in the International Centre for Eremology (ICE), Ghent University, 
Belgium (Gabriels et al., 1997; Cornelis et al., 2004a) for the combined effect of wind and rain 
that aimed to understand mechanisms of kinetic energy flux distribution on different slope aspects 
and to develop a process-based erosion model (Erpul et al.,2004a,b, 2005).  
Erpul et al. (2001, 2002, 2003a,b 2004b) discussed the crucial points for the variations in 
kinetic energy flux as a rainfall parameter in sediment transport and computed flux of rain energy, 
combining the effects of wind on velocity, frequency and angle of raindrop impact with varying 
slope aspects and gradients and also explained the soil detachment related to normal component of 
total kinetic energy. 
Erpul and Gabriels (2006) summarized the works on erosion processes with kinetic energy 
distributions with slope effects which were performed under WDR conditions in the International 
Center for Eremology, Ghent University, Belgium. Later, Erpul et al., (2008) showed that it was 
possible to have varying angles of incidence evaluated by horizontal and vertical kinetic energy 
fluxes which prominently differ on two slope aspects in wind tunnel set ups for the detachment 
rates from the sand to surface. Furthermore, total kinetic energy flux term (KET,  in J m-2 s-1) which 
combines the frequency, velocity and direction of the wind-driven raindrop impacts to explain the 
sand detachment under rain with a varying angle of incidence(Φ) was used as following Eq. [1]) 
(Erpul et al., 2008):  
 
( )Φ,vη,fKE rT =  (1) 
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where η is the number of raindrops per unit area per unit time (# m-2 s-1), and vr is the resultant 
impact velocity of raindrops (m s-1). 
Besides, Erpul et al. (2009a) presented “kinetic energy variations with wind and rain 
interaction in erosion” in details for different slope aspects and gradients and highlighted the need 
for future work on wind and water interaction in process-based erosion models. Moreover, it was 
stated in the discussion that quantifying of raindrop impact components and reference horizontal 
wind by normal and horizontal kinetic energy fluxes on the slope aspects was an essential need in 
combined wind and water process-based erosion prediction model. 
In fact, since the studies of modeling interrill erosion mechanism mostly characterized by the 
horizontal and vertical components of kinetic energy fluxes as function of rain incidences, slope 
aspects and slope gradients, the objective of this paper is to analyze the influences of all WDR 
vectors together with different surface angles and aspects on the distribution of kinetic energy 
fluxes over the thin flow. 
 
Materials and Methods 
Soil 
All experiments were carried out in the combined a wind tunnel/rainfall simulator of the 
International Centre of Eremology (ICE), University of Ghent, Belgium (Gabriels et.al., 1997; 
Cornelis et.al., 2004a). The sedimentary material used in this study of raindrop impacted shallow 
overland flow was Nukerke silt loam (32.1% sand, 52.3% silt, 15.6% clay) taken from Ap horizon 
and air dried prior to the experiments. Soil samples were first sieved into three aggregate fractions 
(1.00 to 2.75 mm, 2.75 to 4.80 mm and 4. 80 to 8 mm) to remove coarser particles and organic 
material and were placed into soil pan with a depth of approximately 10 cm. Weighting factors 
assigned to each fraction were 28, 32 and 40%, respectively. 
 
Experimental set up 
For the vectoral distribution of kinetic energy flux of the wind-driven rains with different slope 
gradients and aspects, the rains driven by horizontal wind velocities of 0, 6, 10, and 12 m s-1 were 
applied to the 200 cm long and 20 cm wide metal soil pan with a perforated bottom to allow free 
drainage and that soil pan is placed at a distance 6.45 m downwind from the entrance for both 
windward and leeward slopes of 2, 3, 4, 5, 7, 9, 11o (Fig. 1). Runs were applied on a pre-wetted 
soil surface to prevent dry soil particles lifting off because of the wind. The reference wind 
velocities were derived from logarithmic wind profiles assuming a fixed height of 0.60 cm for the 
smoothed soil surface. With 2 replicates of each run, for 2 slope aspects, 7 slope gradients and 4 
wind velocities, totally 112 rainfall simulations were carried out. Regarding to rain inclinations in 
WDR, in case of needing for the correct calculation, before each simulation, the rain intensity for 
WDR under the targeted area was quantified by 20 rain gauges (diameter: 0.10 m) at all slope 
aspects and slope degrees. And the actual amount of rain intercepted by the sloping surfaces under 
the effect of wind was calculated by the angle of rain incidence using the correction factors. 
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Fig. 1. Experimental set-up with soil pan for raindrop impacted shallow overland flow of wind-
driven rains 
Methods 
In the experiments, the WDR incidence angles, calculated by integrating the degrees of rain 
inclination α , slope gradients θ  and aspects, ranged between 2o and 72o and 2o and 85o for 
windward and leeward slopes, respectively. Related to the normal component of raindrop impact, 
impact frequency and considering the effect of wind velocity as in the equation of Erpul et al. 
(2003a, 2004b), kinetic energy flux (KET, J,m-2s-1) is calculated as: 
 
)(cos*)6,05( 2433,0 θα ±Ξ−= uT eEKE  (2) 
 
where u  wind velocity (m s-1), α andθ  are degrees and Ξ  is number of raindrops in # m-2s-1 
and given by: 
 
3
50
6
d
I
π
=Ξ  (3) 
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where I is the rainfall intensity (mm h-1), 50d is the median drop size (mm). If Eq.(2) is observed 
carefully, it is easily understood that, this formula not only shows the effect of wind on both 
raindrop velocity and raindrop frequency but also shows the effect of wind on the raindrop impact 
angle that is calculated considering of horizontal and vertical velocity vectors of raindrops. More 
clearly, in this study horizontal and vertical components of raindrop velocity are thought to be 
affected in both detachment and transport processes in raindrop impacted shallow overland flow. 
Using the components of rain drop velocities with different fall trajectories, 
T
KE is divided into 
horizontal and vertical components ( NKE , SKE , J m-2 s-2) as in Erpul et al. (2008) and given by 
the equation: 
 
)(cos2 θα ±= TN KEKE  (4) 
)(sin 2 θα ±= TS KEKE  (5) 
 
Results and discussion 
Table 1 shows that depending upon the wide range of the incidence angles, the partition of the 
total kinetic energy flux (KET, J m-2 s-1) into its components also changed highly. Although the 
highest normal rain energy flux (KEN = 0.247 J m-2 s-1) was obtained with the wind free rains 
incident on windward slope of 2o, the lowest was with the wind-driven rains driven by 12 ms-1 
wind speed and incident on leeward slope of 11o (KEN = 0.025 J m-2 s-1). On the other hand, for 
the same WDR incidences, the values of the along-surface rain, energy flux (KES) were 0.0003 
and 0.602 J m-2 s-1, respectively. For these extreme conditions the changes for KEN and KES were 
in the order of magnitudes of 10 and 103, respectively. 
 
Table 1. Significant variations in kinetic energy flux components on different slope aspects 
 wind 
velocity 
(ms-1) 
 
slope aspect incidence 
(o) 
highest  value 
(J m
-2
 s
-1
) 
lowest value 
(J m
-2
 s
-1
) 
magnitude 
changes 
KE
N
 0 windward 2 0.247  10 
12 leeward 11  0.025 
KE
S
 0 windward 2 0.602  10
3
 12 leeward 11  0.0003 
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Conclusions 
Given the fact that the sub-processes of interrill erosion under WDR are closely related to the 
vector field to be formed at the impact-flow boundary and the differences in the distribution of 
KEN and KES would result in diverse sediment delivery rates as the angle of WDR incidence vary.  
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Abstract 
Until now, visual field assessment methods have been tested for temperate soils. This survey 
pretends to contribute to the validation of these methods by assessing and comparing the 
performance of three of such methods in tropical conditions. Six different Venezuelan soils were 
evaluated using the soil quality scoring procedure (SQSP), the visual evaluation of soil structure 
(VESS), and the visual soil assessment (VSA) method. The three methods were sensitive to 
distinguish between compacted soils and well-structured soils. For soils with moderate condition 
of soil quality as determined by VESS and VSA, the SQSP tends to overestimate the soil quality. 
For the SQSP, the assessment of the rooting system was limited by the absence or the stage of the 
roots in soils with a non-established crop. Regarding VESS, a crucial factor to identify the score in 
some soil blocks was the photograph of the shape of the aggregate fragments. When using VSA, 
identifying the potential rooting is difficult in heavy soils. Rating of earthworm numbers is not 
based on tropical conditions. High similarities were found between scores of visual methods and 
bulk density, plant available water capacity, relative field capacity and silt content. It is concluded 
that the simple visual methods were sensitive enough to evaluate soil structure under different 
conditions in Venezuelan soils and the scores were related with important indicators of soil 
quality. 
 
Keywords: soil structure, quality, indicators, field assessment, SQSP, VESS, VSA 
 
Introduction 
Field assessments of soil structure have been developed to satisfy the requirement of a simple and 
repeatable methodology for monitoring soil degradation and soil organic matter (SOM) decline, to 
evaluate small areas in detail and large areas quickly (McGarry, 2006), as well as a methodology 
well related to crop growth and soil aeration, strength and density measurements (Ball and 
Douglas, 2003). According to Batey (2000), the advantages of making assessments of soil 
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physical conditions including soil structure directly in the field are: the relatively short time 
consumed and the immediate availability of the results, the use of simple equipment such as spade, 
knife or auger, the observation of slight changes in physical conditions that may be difficult to 
determine by other means, and the flexibility to deal with a wide range of situations. 
The different methods to assess soil structural quality directly in the field, can be grouped in 
methods based on soil profile evaluation and based on topsoil examination. The evaluation of the 
soil profile is widely used in pedology, soil surveys and land evaluation as well as for soil 
management (McKeague et al., 1986; Boizard et al., 2005). On the other hand, topsoil 
examination methods are based on the visual and tactile evaluation of soil extracted with a spade, 
focusing on soil quality assessment and the effect of soil use and management (Ball et al., 2007; 
Mueller et al., 2009). When comparing both procedures, it is evident that soil profile evaluations 
are excessively disruptive. This is because a pit or trench is required to expose the profile face, 
which is not suitable for assessment of small plot experiments (Boizard et al., 2005).  On the 
contrary, the disturbance of the land is minimal when a topsoil examination method is used. The 
principal limitation of topsoil examination is the requirement for moist soil conditions at the time 
of sampling and examination, since applying it is difficult when soils are very dry or very wet 
(Ball and Douglas, 2003; Ball et al., 2007; Guimaraes et al., 2011).  
Due to many early and new methods developed to assess soil structure directly in the field, a 
working group promoted a field meeting in northern France during which different methods were 
compared, including those mentioned above (Boizard et al., 2005). The results of each test were 
presented to the whole group, which was able to question and discuss the findings. They 
concluded that: (i) each method has been developed to answer a specific question in a specific 
locality, (ii) any transfer of techniques from one area to another must be done with care and 
sensitivity, (iii) the selection of one or different methods to assess soil structure depends on why 
and who will perform the test. 
However, all the methods evaluated in such field meeting have been developed for temperate 
soils but, similar methodologies have not yet been developed for tropical soils. However, the 
technique described by Ball et al. (2007) was tested in Brazil where it was described as 
sufficiently sensitive to identify changes in structural quality of Oxisols under different 
managements (Balarezo Giarola et al., 2010). Furthermore, modifications proposed to this 
technique, tested in soils from Scotland and Brazil, suggest that the modified version is a more 
practical and objective evaluation of soil physical quality compared to the original one (Guimaraes 
et al., 2011).  
In order to apply the field assessment of soil structure quality in tropical conditions and to 
contribute to the validity of the methods, the objective of this study is to assess and compare the 
performance of the soil quality scoring procedure (SQSP), the visual evaluation of soil structure 
(VESS), and the visual soil assessment (VSA) methods in Venezuelan soils. Additionally, 
measurements of physical indicators will be evaluated to establish their relation with the soil 
structure scores of the methods. This will enable the validation of the scoring procedures under the 
conditions evaluated. 
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Materials and Methods 
Soil sampling 
Six sites were used (V1-V6). Soils were sampled in August 2010 and December 2011. At the time 
of sampling V1 soil was under permanent crop (Prunus persica) with grass between crop rows, 
V2 soil was under permanent pasture (Morus spp and Cynodon nlemfuensis), V3 soil was under 
maize crop (Zea mays), V4 soil was under pasture (Brachiaria brizantha), and V5 soil as well as 
V6 soil were in fallow with natural vegetation. Soil description and general characterization is 
detailed in Appendix 1. 
Three transects were randomly located along the fields. At each transect two sampling 
locations were equally spaced according to the area of each plot. The field assessment of soil 
structural quality was undertaken at each sampling location. Disturbed samples were taken from 
the upper layer to a depth of 20 cm, and 100 cm3 core samples from a depth of 10 cm. For the 
field assessment of soil structural quality two blocks of soil (20 cm deep, 10 cm thick and 20 cm 
long) were taken at each sampling location. One block was broken by hand and the other by 
dropping one to three times from a height of 1 m onto a plastic tray. The water content at sampling 
was 0.40, 0.18, 0.13, 0.27, 0.23 and 0.22 kg kg-1 for sites V1-V6, respectively. Cores samples 
were analysed as described in Cornelis et al. (2005). 
 
Visual soil structure assessment  
Field assessment of soil structural quality was conducted by using three methods: the soil quality 
scoring procedure (SQSP) by Ball and Douglas (2003), the visual evaluation of soil structure 
(VESS) by Ball et al. (2007) based on Peerlkamp (1959) and modified by Guimaraes et al. (2011), 
and the visual soil assessment (VSA) by Shepherd (2009). 
SQSP was conducted by describing the condition of the soil block broken by hand and the soil 
surface. Soil block description was performed by layering the block along the natural boundaries 
between aggregates until small aggregates of 1-2 cm in diameter and identifying in each layer 
indicators of soil structure and rooting like type, size and rupture resistance, using the explanatory 
notes proposed by Ball and Douglas (2003). Scores were assigned to the condition of the soil 
surface, structure and rooting according to the categories established for each of them (Ball and 
Douglas, 2003). The scale of scoring is ranked from 1 to 5, where scores of 1 and 2 represent 
incoherent or poorly developed structure and scores of 3 to 5 refer to distinct aggregates and good 
condition for crop growth.  
The VESS was simultaneously conducted with the SQSP, meaning that we used the same soil 
block to perform both methods. The appearance of the soil block after hand breaking was 
compared with the visual key developed by Guimaraes et al. (2011). This key includes the 
description of the size and appearance of aggregates, visible porosity and roots, as well as the 
appearance of the aggregate faces and the fragments of 1-2 cm diameter. During the examination 
of each soil block, the depth of each layer was estimated and the assignment of the scores was 
done separately. Scores were fitted between structural quality categories when the soil block had 
the properties of both. When two or more layers were presented in a soil block, calculation of the 
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‘block score’ was done by multiplying the score of each layer by its depth and dividing the 
product to the overall depth. According to Ball et al. (2007), soils with scores of 1-3 have 
acceptable condition of soil structure whereas those with scores of 4-5 have a limiting condition 
and require change of management.  
The soil block was broken by dropping in order to conduct the VSA. This method was done 
following the visual assessment of the key indicators presented on a scorecard. Each indicator was 
given a visual score (VS) of 0 (poor), 1 (moderate), 2 (good), or an in-between score (0.5= 
moderately poor and 1.5 = moderately good), based on the soil quality observed when comparing 
the soil with the description of the indicator and the three photographs in the field guide manual 
(Shepherd, 2009). The scores assigned were multiplied by a weighting factor of 1, 2, or 3 
established by VSA and based on the relative importance of each indicator in the assessment of 
soil quality. The sum of the VS rankings provided the overall soil quality index, which was used to 
assess the soil quality according to Shepherd (2009). The field guide manual for cropping land 
was used in soils V1 and V3, whereas in the other soils that for pastoral grazing was applied. 
 
Analysis of the results 
An evaluation of individual indicators and indices of field assessment was simultaneously 
conducted at each site. Methods were compared from score data of all sites.  Correlations between 
parameters were conducted by Spearman test. Similarities between methods and physical 
parameters were displayed by principal analysis component after standardizing the data by 
ranking. 
 
Results and discussion 
Table 1 shows description of the scores given to all sites under study. Soil structure was 
unfavourable in soils V3 and V6, where SQSP scores ranged between 1 (extremely firm) and 2 
(firm), VESS scores ranged from 4 (compact) to 5 (very compact), and VSA scores were between 
0 (poor) and 0.5 (moderately poor). For the rest of the soils, the structural status was favourable or 
moderate with slight restrictions for root growth according to the three methods.  From the aspect 
of soil quality, sandy clay loam and clay loam soils (V1 and V2) were the best. Both soils, V1 and 
V2, were those with high OC content and non-tillage management. The worst soil quality was 
found on a loam soil (V3), characterized by continuous cereal growth, conventional tillage and 
low OC content, as well as on silty clay (V6) soil under natural vegetation and cattle production. 
Consequently, a good agreement between the indicators and indices of the methods was found. 
The three visual field assessment methods were sensitive to distinguish between compacted 
soils and well-structured soils.  This result supports that the identification of soil compaction can 
be done directly in the field (Batey and McKenzie, 2006). Also, these results correspond with 
those reported by Mueller et al. (2012). They found the worst structure status on soils 
characterised by imperfect land drainage, continuous cereal growth, high intensity of tillage and 
traffic. Best scores of visual structure were given for properly managed soils with reduce tillage, 
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crop rotation, and low traffic intensity. The authors mention that soil structure scores reflect both 
management effects, but also textural and pedogenetic soil properties. 
Table 1. Global comparison of indicators and indices of three methods of field assessment (SQSP, VESS, 
VSA) for six soils under study (V1-V6) 
Soil  
SQSP VESS VSA 
Surface 
condition 
Structure  
score 
Rooting  
score 
Block  
Score 
Structure 
quality 
Soil 
structure Soil porosity Soil quality 
V1 No relief  / 
smooth 
Firm / 
Friable 
None 
restriction 
Good 
structural 
development 
Intact / 
Firm 
Moderately 
high 
Moderately 
high 
Moderate-
good 
V2 No relief Friable / 
Firm 
None 
restriction 
Good 
structural 
development 
Intact Moderately 
high 
Moderately 
high 
Good 
V3 Crusting Firm / 
Extremely 
firm 
Restricting 
roots 
Structure 
deteriorated 
Compact Poor Poor Poor 
V4 No relief Firm / 
Friable 
Weak 
restriction 
Good 
structural 
development 
Firm Moderately 
poor 
Moderate Moderate 
V5 Rough/ 
high covert 
Firm / 
Friable 
Weak 
restriction 
Moderate 
structural 
development 
Firm 
/Compact 
Moderate Moderately 
high 
Moderate 
V6 Smooth  
with ridges 
Firm Restricting 
roots 
Structure 
deteriorated 
Compact Poor Poor Poor 
 
On the other hand, in our study, in soils V1 and V4 a different rating was given from SQSP 
with respect to VESS and VSA. The shape and the distribution of the aggregates were the features 
that mainly influence the rating of ‘moderate’ soil quality condition using VESS and VSA criteria. 
On the contrary, the overall classification of SQSP method was ‘good structural development’ for 
these soils, in spite of ‘smooth’, ‘firm/friable’ or ‘weak restriction’ conditions described by the 
indicators of SQSP. This method comprises a wide range of ‘good’ quality, from 3 to 5, and these 
soils received a score equal to 3. 
Regardless of the differences in rating found for soils V1 and V4, a linear relation between the 
methods applied was found when all sites were considered (Fig. 1). This confirms the significant 
correlations of Table 2. The relation among methods ratifies a good agreement between the three 
methods to differences in soil physical condition. Since soil surface condition is a reflection of the 
soil structure condition and its interaction with external factors, there was a significant correlation 
of the surface condition (SQSP) with other indicators and indices of SQSP, VESS and VSA. 
Because of the high correlations found between the scores of the methods (Table 2), the use of 
any of these appears to be suitable in tropical conditions. However, according to the limitations 
found during roots description in some cases, VSA appears to be appropriate for those more 
difficult conditions because it involves the evaluation of separate features. This was also referred 
to by Mueller et al. (2009a), who additionally mentioned that soil biological features (roots or 
earthworms) may vary in particular, which has several implications for soil structure evaluation. 
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Fig. 1. Relationship between scores of the visual methods (SQSP, VESS, VSA) from collected data 
in all sites 
 
Table 2. Correlation matrix (Spearman ρ) of the field assessment methods at all sites* 
 M1 M2 M3 M4 M5 M6 M7 M8 
M1 1        
M2 0.71** 1       
M3 0.87** 0.81** 1      
M4 0.86** 0.88** 0.94** 1     
M5 -0.75** -0.84** -0.85** -0.84** 1    
M6 0.66** 0.88** 0.75** 0.82** -0.77** 1   
M7 0.72** 0.88** 0.78** 0.82** -0.88** 0.89** 1  
M8 0.83** 0.87 0.87** 0.86** -0.90** 0.84** 0.89** 1 
*M1 = surface condition (SQSP), M2 = structure score (SQSP), M3 = rooting score (SQSP), M4 = block 
score (SQSP), M5 = structure quality (VESS), M6 = soil structure (VSA), M7 = soil porosity (VSA), M8 = 
soil quality (VSA). 
**Correlation is significant at the 0.01 level (two tailed). 
 
When comparing the visual scores of the methods and soil physical properties determined in 
the field and the laboratory, significantly correlations were found with the majority of the physical 
properties, but not all correlations were strong. The visual field assessment methods, based on the 
arrangement of soil structure, consider a low mass/volume relation as a good quality condition. 
Soils with low BD, high SOC content, high AC and high number of earthworms reflect pores 
visible to the naked eye, small size and round shape of aggregates as well as no-limitation of root 
growth, which represent a ‘good’ visual soil quality. 
For the loamy soils used in this study, with a silt and clay content range from 20 to 58% and 
from 23 to 42%, respectively, significant correlations were found between silt content and all the 
indicators and indices of the visual methods, except with rooting score of SQSP. On the other 
hand, no correlations were found with clay content.  
Significant correlation between field assessment of soil quality and physical parameters has 
been also reported by other authors. For example, Shepherd and Park (2003) found close 
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correlation between VSA score of soil structure and soil properties such as dry aggregate size 
distribution, Ksat, air permeability, macropores, BD and aggregate stability, which made them to 
conclude that “we can see what we measure”. Similarly, Mueller et al. (2009) confirm that there 
are some significant correlations between visual soil structure and measured parameters of soil and 
plant biomass. In their study, the most significant correlations were with soil strength, BD and AC 
of soil. However, Mueller et al. (2009) found site-specific ranges of parameters and different 
correlations between them in most cases. Therefore, they remark that comparisons of soil structure 
of different sites will remain a problem. 
Fig. 2 shows a Euclidian distance model of soil physical parameters with scores of visual 
methods at all sites. Low distances between dots or clusters indicate similarities or associations of 
parameters but not necessarily causalities. The rank-transformed data showed high similarities 
between visual methods, except with scores of surface condition (SQSP). Fig. 2 also shows close 
association to scores of SQSP (M2, M3, and M4), VESS (M5) and VSA (M6, M7, M8) with BD 
(P1), PAWC (P5), RFC (P6) and silt content (P9). In temperate conditions, Mueller et al. (2009) 
also found similarity between soil parameters (SOM, BD, AC and penetration resistance) with soil 
scores of field assessment methods based on the Peerlkamp method, VSA and FAO description 
(FAO, 2006). Apparently, in both tropical and temperate conditions, methods of field assessment 
are similar to measured BD. 
 
 
Fig 2. Euclidian distance model of physical parameters and visual scores at all sites. Legend (M)= 
see table 2. P1= bulk density, P2= porosity, P3= macro-pores, P4= air capacity, P5= plant available 
water capacity, P6= relative field capacity, P7= S index, P8= clay content, P9= silt content, P10= 
organic carbon content, P11= earthworm numbers 
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Conclusions 
It is concluded that the simple visual methods were sensitive enough to evaluate soil structure 
under different conditions and the scores were related with important indicators of soil quality. 
There is still a need to clearly define rules and scoring frames to minimise subjective errors, to 
improve the accuracy of the scores and to evaluate the variability of the parameters in order to 
make a more sensitive transfer of these techniques from one area to another. 
 
Appendix 1. Soil description and general characterization 
Soil Location Texture 
Mean annual 
rainfall and 
temperature 
Soil Classification 
(USDA) 
Soil use and  
management 
V1 10° 22.24’ N; 67° 
12.18’W 
Sandy clay 
loam  
1271 mm 
17 °C 
---- Peach/grass. No 
tillage  
V2 10° 15’ N; 67° 
36’W 
Clay loam 880 mm 
26 °C 
Typic Haplustoll Permanent grass. No 
tillage  
V3 10° 21’ 52.38” N; 
68° 39’ 17.18” W 
Loam  1212 mm 
25 °C 
Typic  Endoaqualf Maize. Reduced 
tillage 
V4 8° 46’ N 
67° 45’ W  
Loam  1336 mm 
27 °C 
Typic Rhodustalfs Grass. No tillage 
V5 08° 46’ 17” N; 67° 
45’ 54” W 
Silt loam  1336 mm 
27 °C 
Aquic  Haplustolls Maize. Conventional 
tillage 
V6 09° 02’ 25” N; 67° 
41’ 44” W 
Silty clay 1336 mm 
27 °C  
Aquic haplustalfs Fallow. No tillage 
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Introduction  
The study of soil erosion, deposition and sediment redistribution processes in catchments is of 
major importance to natural resources managers, hydrologists and water resources engineers. 
Sedimentation affects water courses, irrigation systems, drainage networks, and other hydraulic 
structures such as dams, reservoirs and floodwater spreading systems, and also limits the quality 
and quantity of domestic, agricultural and industrials water supply (Joundi and Gabriels, 2005; 
Saavedra, 2005). Sedimentation is a blessing as well as a curse for the floodwater spreading 
systems. As coarse alluvium underlies the systems used for the artificial recharge of groundwater 
(ARG), deposition of the suspended load, mostly silts, clay minerals and organic matter, gradually 
increase the soil depth, modifies its texture and improves its water holding capacity and fertility. 
This process reclaims the drastically disturbed lands and prepares them for crop production 
(Dennell, 1982; Kowsar, 2005). On the other hand, because floodwaters are turbid by nature, 
translocation of fine clay minerals is an ever-present threat to the smooth functioning of the 
systems. Eventual clogging of micro- and macropores by illuviated clay may make the entire 
vadose zone impermeable (McDowell-Boyer et al., 1986). Therefore, as Saavedra (2005) has 
rightfully described, an understanding of the linkages between sediment source and mobilization, 
sediment delivery and transport, and ultimately deposition in floodplains, sedimentation in 
reservoirs or floodwater spreading systems is essential for optimal utilization and the appropriate 
design and implementation of efficient catchment-sediment management. 
Since conventional methods used in sediment deposition estimation of reservoirs are 
cumbersome, time consuming and expensive, development of simple, fast and cost effective 
techniques is of paramount importance. As the lands on which the ARG systems are constructed 
are not graded, therefore, an uneven sedimentation rate in different places due to natural 
variability of the soil surface makes their thickness assessment very difficult. 
Several methods have been proposed for the interpolation of sediment depth in obtaining a 
continuous surface (Mills, 1998). The simplest approach consists of assigning the value of the 
nearest available sample to the unsampled location (Thiessen, 1911). Geostatistics, which is based 
on the theory of regionalized variables, is increasingly preferred as it allows the spatial correlation 
between neighbouring observations to be integrated in the prediction of attributes at unsampled 
locations (Goovaerts, 2001). 
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Fig. 1. Map of the Gareh Bygone plain floodwater spreading systems (map by Andreas Brodbeck) (1a); 
Location of 296 sampled points in the Bisheh Zard 1 floodwater spreading system, arrows represent 
orientation of floodwater (1b); sampling configuration generating average sample at each grid point (1c) 
and sampling configuration generating dense samples (1d) 
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One of the aims of this paper was to assess the spatial variability pattern of sediment thickness 
in the oldest floodwater spreading system (Bisheh Zard 1), in Gareh Bygone Plain, Iran, using 
some interpolation methods (geostatistical and non-geostatistical approaches) and determine the 
most accurate approach. Estimating deposited volume and sedimentation rate, considering the 
flood volumes during the sedimentation period, were the further goals of the paper. 
 
Materials and methods 
Study area and data set 
The research site is a 165.1 ha Bisheh Zard 1 ARG system constructed on a debris cone deposited 
by the Bisheh Zard River in the southeast corner of the Gareh Bygone Plain (28°38' N, 53°55' E), 
200 km to the southeast of Shiraz, Iran, at an elevation of 1140 m (Fig. 1a). This system, which is 
the oldest of the eight such structures (Table 1) established in the Gareh Bygone Plain since 1983, 
consists of six strips (5 sedimentation basins and a recharge pond), which are separated from each 
other by five embankments and their adjacent level-silled channels. 
Table 1. Characteristics of the floodwater-spreading systems in the Gareh Bygone plain of Southern Iran 
(Kowsar, 1991)   
Name of the system Construction period Area (ha) 
Bisheh Zard 1* 
Bisheh Zard 2 
Bisheh Zard 3 
Bisheh Zard 4 
Rahim Abad 1 
Rahim Abad 2 & 3 
Tchah Qootch 
January - February 1983 
March - June 1983 
December 1983 - March 1984 
January - March 1984 
January - June 1984 
May 1984 - February 1987 
November 1985 - February 1987 
200 
250 
25 
25 
200 
300 
365 
       Total 1365 
* The area is related to the initiation time of the system. 
 
Sediment samples were taken from a regular grid network of 100 by 100 meter that covered 
the entire floodwater spreading area, outlined by surveying of the ARG system. The sediment 
depth was measured at each of the 162 grid points, and the coordinates of each one were recorded 
using a GPS instrument. These sample points were plotted on the digital map for further 
processing. Sediment depths were obtained as an average depth of three points, which 
encompassed the grid point in a triangular configuration. The distance between the grid point and 
the outer sample points was 1 m (Fig. 1c). Figure 1b shows the locations of the field measurements 
in the study area. 
The sediment depth in the ARG system showed an increasing trend towards the embankments 
in the strips. This is because of the longer duration of turbid floodwater immediately upstream of 
the embankments during floodwater spreading as compared with the higher parts of the strips. In 
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order to take this variability in sediment volume estimation into account, and also to assess the 
role of these areas in sediment mapping and estimation of sediment deposition in the system, the 
dense sampling method was also performed. These samples were taken from the assumptive 
transects at one third, one half and two thirds of the length of the strips perpendicular to the each 
embankment. Sampling was achieved by selecting a starting point for each transect on the nearest 
line of the regular grid network to the strip’s embankment. These transects were terminated at 1 m 
upstream of the embankments. 
The first measurement was carried out at one half of the transects’ length; the second sampling 
was done in the middle of the remaining distance (between the first measuring point and the 
related terminal); this strategy (to divide the remaining distance) was also followed up to 5 m from 
the terminal (or 6 m upstream of the embankment). From this point the sediment depth was 
measured at 1 m intervals to the end point of each transect (Fig. 1d). This protocol generated 134 
sampling positions. Because the dense part of the sampling dealt with short distances, as compared 
to the outlined regular grid system, the GPS was not able to distinguish the exact location of the 
points. Therefore, their coordinates were derived from the map after plotting the points on the 
digital map, considering their distances and directions. Taking into account the repeated sampling, 
a total of 296 points were employed in the analysis. 
 
Methods 
Three non-geostatistical methods and two techniques which making use of a variogram that depict 
autocorrelation at various distances, in order to provide more accurate estimates were applied: 1) 
Inverse Distance to a Power (IDP), Inverse Distance Weighting, 2) The Triangulation with Linear 
Interpolation (TLI), 3) Nearest Neighbour (NN), Thiessen polygons, 4) Ordinary Kriging (OK), 5) 
Simple Kriging with locally varying mean (SKlm), a bivariate method making use of a secondary 
variable. The mean of the sediment depth was used in the SKlm technique (Gharahi Ghehi, 2006). 
Description of the methods are given in geostatistical textbooks (e.g. Journel and Huijbregts, 
1978; Goovaerts, 1997; Webster and Oliver, 2000; and Wackernagel, 2003). 
IDP, NN and TLI were carried out using Surfer 8 (Golden Software, Inc., 2003) and kriging 
was performed using the code provided in the Geostatistical Software Library (GSLIB) (Deutsch 
and Journel, 1998). 
 
Results and discussion 
The accuracy performance of the interpolation was assessed using cross validation. Comparison of 
the accuracy estimation among the different methods was based on four measures of accuracy: 
mean estimation error (ME), root mean square error (RMSE), mean absolute error (MAE) and 
goodness of fit (R2). The cross validation results shown in Table 2 were used to determine the 
most accurate interpolation method. 
The largest and smallest errors (maximum negative and maximum positive errors and the 
RMSE errors) are for NN and SKlm, respectively. The smallest means absolute errors by methods 
were as follows: SKlm, OK with anisotropy, OK, TLI, IDP and NN, respectively. The difference 
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between the smallest (SKlm) and next smallest (OK with anisotropy) RMSE is 0.7 cm (17 % 
larger for the second smallest RMSE). Based on the cross validation statistics, the best estimation 
of the sediment depth was obtained by SKlm, and the actual gain was taken from incorporating the 
mean values into the estimation of the sediment depth.  
Table 2. Statistical indices for the accuracy performance of the interpolation methods 
Method 
ME 
(cm) 
RMSE 
(cm) 
MAE 
(cm) 
R2 
 
Maximum 
positive 
error (cm) 
 
 
 
   
Maximum 
negative error 
(cm) 
 OK 0.4 4.4 2.5 0.7 25.2 31.5-  
OK with anisotropy 0.3 4.1 2.3 0.7 21.2 -30.1 
SKlm 0.2 3.4 2.2 0.6 13.4 23.3-  
IDP 1.1 4.2 2.9 0.6 14.8 -29.5 
NN 0.6 5.4 3.1 0.9 35.2 35.2-  
TLI 0.5 4.5 2.6 0.8 23.5 35.0-  
 
Therefore, due to the strong influence of the mean values, its use is recommended in such case. 
On the other hand, and under such circumstances (lack of any secondary information), using the 
strips as categorical secondary information gives more accurate results. Where SKlm was used to 
estimate the sediment deposition in the floodwater spreading system, the spatial interpolation was 
done to a regular grid of 20 by 20 m resolution, and this dimension was used for calculating the 
volume of the sediments in the system. 
The estimated thickness or height of the sediment accumulation from 1983 to 2003 in the 
Bisheh Zard 1 flood spreading system (using SKlm) is presented (Fig. 2); the sediments are largely 
deposited in a non-uniform pattern. The analysis revealed that in spatial view, the rate of 
sedimentation can be observed in the range from low to high. The first two strips comprise the 
most of the deposited sediment load.  
 
Fig. 2. 3D interpolated map of the sediment depth (cm) of the study area using SKlm, (1983-2003) 
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As Fig. 2 shows, sediment depth is higher in the northern part of the system (in the first strip 
closer to the mouth of the conveyor spreader channel, marked with a star in Fig. 1b), where the 
sediment concentration is highest and the observed depth of sediment reached 36.7 cm. As the 
conveyor spreader channel spreads over the recent terrace, its water velocities and turbulence 
begin to decrease, resulting in reduced sediment transport capacity of the flow which leads to 
particle deposition. 
The deposition volume of the system was estimated at 71568 m3 over about 165.1 ha captured 
over 21 years, yielding an average sedimentation rate of 3408 m3 yr-1. The unit surface (m2) of the 
system received 2.7 kg sediment per year during 1983-2003 (Table 3). 
Table 3. Summary of the sedimentation rate in the Bisheh Zard 1 floodwater spreading system 
Area (ha) 165.1 Mean annual sedimentation rate per unit of the area (kg m-2 yr-1) 2.7 
Sedimentation volume (m3) 71568.0 Total diverted  flood volume to the systems during (1983- 2003), (Mm3) 123.7 
Sedimentation mass (ton) 93038.4 Entered flood volume to the Bisheh Zard 1 system (Mm3) 19.8 
Mean annual sedimentation rate 
(ton yr-1) 
4430.4 Average turbidity of the floods  (g l-1) 4.7 
 
The total diverted flood volumes to the 6 available floodwater spreading systems which are fed 
by the Bisheh Zard River during 21 years (1983- 2003), were estimated at 123.7 million m³ (Mm3) 
(with exception of Tchah Qootch floodwater spreading system which receives floodwater from 
Gehr Ab River), taking into account the fact that only the 16 % of this volume feeds the Bisheh 
Zard 1 floodwater spreading system (Corens, 2005), the total flood volume for the system 
obtained as 19.8 Mm3. The recent calculation revealed an average of 4.7 kg sediment yield per 
unit of the entering flood volume (m3) to the system, therefore, the average turbidity of the floods 
obtained as 4.7 g l-1. 
On the basis of the foregoing descriptions (i.e. average turbidity of the floods and also the total 
diverted flood volumes) a rough approximation could be also made for the sedimentation volume 
over the other 834.9 hectares of the area of Gareh Bygone plain which is covered by the other 6 
available floodwater spreading systems, also fed by the Bisheh Zard River (with exception of 
Tchah Qootch floodwater spreading system with 365 hectares area). 
The number of 488451.6 ton was obtained as the total deposited mass for the area during 
1983-2003, resulting in a mean annual specific sediment yield of 23259.6 ton yr-1. 
 
Conclusion 
Based on the evaluated criteria, the local interpolation methods could not improve the estimation 
compared to the univariate methods, OK and OK with anisotropy, produce more accurate results. 
Because the SKlm method performed better than OK and OK with anisotropy, it is recommended 
for creating a map of sediment deposition pattern. This bivariate method appears well suited as a 
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spatial prediction method for the sediment depth in the floodwater spreading system. The results 
obtained by this method for the floodwater spreading system demonstrate the applicability of this 
method for sediment mapping and determining sedimentation or deposition volumes of the system.  
The deposition volume of the Bisheh Zard 1 floodwater spreading system was estimated at 
71568.0 m3 over about 165.1 ha captured over a time year of 21 years, yielding the average 
sedimentation rate of 3408.0 m3 yr-1. The unit area of the system received 2.7 kg sediment per 
year. 
These amounts can be explained by the steep topographical relief, geological condition such as 
(weak lithology, important areas of siltstones and marls), climate (high rain intensity), soil and 
scarce vegetation of the upstream catchment contribute to the important volume of sediment. 
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Abstract 
An integrated study was conducted to determine the extent of soil salinity and intensity of soil 
salinization in arid lands of Iran. Some typical dryland regions susceptible to desertification 
were selected as study area: Kashan plain, in Esfahan province; Qazvin and Takestan plains in 
Qazvin province; Sabzevar plain, in Khorasan Razavi province; and Qahavand plain in 
Hamedan province. Two sorts of Landsat data (oldest accessible and more recently acquired 
data) as well as supplementary maps and information on soil, geology, surface and subsurface 
water of the regions were collected. 
After preliminary image processing, each of the images was classified, based on the field 
data, for salinity and land cover. The classification for salinity was performed by 
incorporation of original bands, band ratios and principle components (PCs) of different bands 
to the supervised classification. Selection of the best bands and most fitted algorithm of 
classification was determined by accuracy assessment. 
Verification of the results showed that the differentiation between salinity classes had an 
acceptable precision. After some corrections by supplementary information and post 
processing field check, the salinity maps of the regions for both old and new time series were 
prepared. The average accuracy of the final maps varied from 71 to 89 percent. 
Results showed that area of non saline and few salinity classes has reduced in all regions. 
Percentages of reduction varied from 28.8% in Qahavand to 1.42% in Sabzevar, with in 
descending order: Qahavand>Kashan>Qazvin>Sabzevar. However, the extent of change 
(54000 ha) is biggest in Kashan because of its larger total area. In all regions except the 
Qazvin, the reduction in non saline and few salinity classes was due to the increase in classes 
of higher salinity levels. The increase of salinity has had a hierarchical process. 
 
Keywords: Salinization, remote sensing, principle component. 
 
Introduction 
The natural and human-induced soil salinization in a world facing food crisis due to 
unchecked population growth heralds a catastrophe. Therefore, developing the appropriate 
means to easily assess the extent and severity of this type of desertification is a well-known 
inevitability. Soil salinity mapping based on remote sensing provides a relatively accurate and 
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economical technology for delineating saline lands. However, as any other recently developed 
technology, it requires to overcome a few uncertainties. The temporal and spatial change 
detection in saline land is relatively complicated due to a lack of access to reliable old salinity 
field data. Furthermore, several aspects of this technology are still in the developmental stage. 
The salt-affected soil and water resources pose a serious threat to human well-being in 
many parts of the Land of Iran; 16-23 million ha of its total 165 million ha is covered by 
salinized cultivated or barren land (Dewan and Famouri, 1964; Kovda, 1970; Roozitalab, 
1987; Siadat et al., 1998). This wide range indicates that the data are neither scientifically nor 
factually rigorous. More efficient farm and catchment planning can be performed if more 
accurate information is available on which areas are salt-affected, where salinity is spreading 
or emerging, and which areas are at risk from salinity. Maps which show changes in salinity 
through time, and areas which may be at risk from salinity in the future, can be produced 
through the use of satellite images (Furbey, 2008). 
A very effective monitoring approach consists of comparing historical and current soil 
salinity maps, when historical field and laboratory data are available (Metternicht and Zinck, 
2003). However, published works with the interpretation of the past and present real time field 
data that may be used as actual versus predicted to assess the change detection processes, are 
very limited. Naseri (1998) has reported on the detection of salinity changes for 1972 and 
1995 based on past and present real data; unfortunately, the soil sampling locations in the two 
study sections were not the same. Tajgardan et al. (2007) combined the PCA techniques and 
regression analysis to produce the salinity map of north of the Aq-Qala Region in northern 
Iran from the ASTER-collected data. Ekercin and Ormeci (2008) developed a new regression 
technique to predict soil surface salinity based on the Landsat-5 data of 2006, and the field 
real time ECe data. 
The main objectives were to determine the extent of soil salinity and soil salinization 
intensity in arid lands of Iran. A collaborated study was conducted by four groups of scientists 
(Pakparvar et al 2007). 
 
Materials and methods 
Sites location and description 
Among the numerous regions prone to salinization throughout the country, only four sites 
were chosen as the study area. The study sites were selected on basis of some criteria such as: 
i) holding the hydrologically independent watershed; ii) existence of the different aspects of 
desertification processes; iii) evidences of human induced salinization; and iv) access to 
desired images and historical soil analysis data.  
The study sites’ location and main land uses are described in Table 1. Some climatologic 
phenomena are presented in Table 2. Location of the study sites is shown in Fig. 1.    
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Table 1. Description of geographic locations and land uses of study sites 
Land uses 
(in respect to the majority) 
Location 
Study 
sites 
Long. Lat. 
To from to from 
Playa and lake, saline and sandy lands, 
farmlands 
50° 58´ 51° 36´ 34° 10´ 33° 40´ Kashan 
Bare and saline lands, poor range, farmlands 50° 35´ 49° 35´ 36° 25´ 35° 25´ Qazvin 
Playa, bare and saline lands, farmlands 57° 45´ 56° 41´ 36° 24´ 35° 42´ Sabzevar 
Spent farms, rain fed and irrigated farmlands, 
saline lands 
49° 09´ 48° 58´ 34° 57´ 34° 25´ Qahavand 
 
Table 2. Description of some selected climatologic parameters of study sites 
Area, 
Km2 
Mean 
Annual 
Temp., °c 
Mean Annual 
Precipitation, 
mm 
Mean Annual 
Evaporation, 
mm 
Climate Study 
Sites 
772,000 20.5 129 2850 Hyper arid and hot Kashan 
236,000 17.2 285 2050 Arid and hot Qazvin 
410,000 14.5 175 2900 Hyper arid and cold Sabzevar 
52,380 11.3 260 2020 Arid and cold Qahavand 
 
 
 
Fig. 1. Location of the study sites in country and Provinces. 
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Remotely sensed sources 
A variety of remotely sensed data were accessible for the regions. Kinds and acquisition date 
of images are presented in Table 3. 
 
Table 3. Time series of the remote sensing sources. 
Time serie 3 Time serie 2 Time serie 1 Study 
sites 
Landsat 5 TM 
Apr. 1998 
Landsat 2 MSS 
May 1976 
Aerial photos 1969 Kashan 
Landsat 7 ETM+ 
Aug. 2000 
Landsat 5 TM 
May  1985 
Aerial photos 1971 Qazvin 
Landsat 5 TM 
Apr. 2001 
Landsat 5 TM 
Apr. 1987 
Aerial photos 1975 Sabzevar 
Landsat 7 ETM+ 
Jun. 2000 
Landsat 5 TM 
Jun. 1989 
Scanned aerial photos 
1969 
Qahavand 
 
Data Sets 
The data from soil surveys, performed at the time near to the acquisition time of old images, 
formed the basis for the detection of temporal changes in salinity. The location and 
characteristics of the top layers for sampling points were extracted from the maps of published 
reports. The Garmin Extra Vista GPS was used to detect the points in the field. Soil samples 
were collected from the same locations and same top layer depth as those of the old soil 
surveys. Each sample consisted of thoroughly mixed sub-samples collected from 5 points of a 
square 75 m on a side, which had been divided into nine 25×25 m grid (Fig. 2). After locating 
the centre of the large square by drawing its diagonals, we measured 35 m from the centre on 
the diagonals, thus founding 4 sampling points. Fig. 3 shows the old soil map and the new 
sampling points which are overlaid on the image of year 2000 of Qazvin Plain. The samples 
were then analyzed for the ion types and contents, the soil paste extract electrical conductivity 
(ECe), and pH. These data, along with soil texture and color, topographic position, drainage 
conditions, dominant vegetation types and land use were stored in the soil geospatial database. 
 
 
Fig. 2. The layout for demarcation of the sub-sampling locations of each field point 
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Fig. 3. Soil survey map of 1986 (left) and sampling points of the year 2000 (right) in Qazvin Plain 
 
Image preprocessing 
The newer images were georeferenced based on the ground truth data and the 1:25000 digital 
topographic maps of the region. A co-registration image to image was applied for rectification 
of the old images based on the rectified image to ensure that the pixels in the two satellite 
images are comparable. Due to the flat position of the regions, none of the images had the 
shading effect. Because of the different sun azimuth at the two times of acquisition, a 
convergence method proposed in this study was used for histogram equalization and 
facilitating the comparability of the two images. Arial photographs were not subjected to the 
co-registration because of great changes in earth surface and ground evidences needed for 
rectification during the long period (30 years in average) so they were evicted from the rest of 
processes. 
 
Image processing 
The averages of the DNs of each of the grids (Fig. 2) attributed to the field points were 
extracted from the images of both old and new dates. The values related to the original bands, 
band ratios and the possible PCs of PCA of different cases of one or a group of bands were 
calculated. Correlation coefficient analysis indicated the best bands that should be 
incorporated to supervised classification. 
The best fitted algorithm for supervised classification was selected using the accuracy 
assessment of the resulted map based upon the field data of each study site. 
 
Post classification 
Classified maps were then subjected to post classification processes to improve their accuracy. 
Non saline expanses showing high brightness surfaces such as sandy or gypsy areas, and 
urban districts which show brightness similar to different salinity classes were digitized and 
separated in both time series. Farmlands which are the sources of potential confusion errors 
were delineated by visual interpretation in both images and added as a rasterized polygon 
layer in order to construct final salinity maps. 
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Change detection 
Salinity maps of the regions were checked pixel by pixel for changes in salinity classes as to 
the same registration basis. Accuracy of change detection was also assessed by comparing real 
observed salinity data time series with those of the salinity maps. 
 
Results and discussion 
Results of accuracy assessments and best bands selected for the maps are shown in Table 4. 
The average accuracy values denoted to the newer time series are significantly higher than 
those of the old time series. Most likely this is due to the smaller time lapse between field soil 
sampling and acquisition of newer images. The higher resolution of the newer images can be 
the subsequent reason. Salinity maps of the Kashan region are presented in Fig. 4 as 
illustration of the produced maps. 
 
0 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Soil salinity maps of Kashan Plain based on the MSS 1976 (left) and TM 1998 (right) 
 
Results of the area calculation of the salinity classes and the change between classes are 
presented in Table 5. According to the visual features of the maps, increase in salinity is 
obvious in all regions, but according to Table 5 we observed both increases and decreases 
between the classes. Increase in salinity is mostly related to increase in irrigation water 
salinity as well as the intrusion of shallow saline groundwater in arable lands. Decrease in 
classes was mainly related to changing of some saline lands to farming after rehabilitation by 
drainage networks. 
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Table 4. Accuracy assessments and best bands selected 
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A
cc
ur
ac
y,
%
 
A
lg
or
ith
m
(2
)  
B
an
ds
(1
)  
Im
ag
e 
 
A
cc
ur
ac
y,
%
 
A
lg
or
ith
m
(2
)  
B
an
ds
(1
)  
Im
ag
e 
81 ML 
B4, CA57(1), 
PCA123(1) 
TM 
 
71 ML PCA12(1), PCA34(1) MSS Kashan 
86 MD B4, B2 TM 
 82 MD B4, B2 TM Qazvin 
84 ML 
B5, B2, 
PCA234(3) 
ETM 
 
82 ML B5, B2, PCA234(3) TM Sabzevar 
88 SAM 
PCA1234(1), 
PCA57 
ETM 
 
86 SAM PCA1234(1), PCA57 TM Qahavand 
 
Table 5. Changes in salinity classes 
 Percent of changes in salinity area  
Region 
Salt  lands 
(40 > dSm-1) 
High 
(20-40 dSm-1) 
 
Low to Medium 
(4-20 dSm-1) 
No Salinity 
(0-4 dSm-1) 
 
-1.50 7.80  1.20 -7.50  Kashan 
0.06 0.75  -6.32 -1.66  Qazvin 
-19.80 -41.45  55.57 -1.42  Sabzevar 
- 23.00  5.80 -28.80  Qahavand 
 
1-According to different classes of salinity in the regions, some classes have been merged. 
 
Conclusion 
Band selection 
The best bands and the best method of making the PCAs varied from site to site. It seems to be 
dependent on the interfering parameters like soil moisture and plant cover. 
On the basis of the linear correlation analysis, the ratio of bands green (2) to near infrared 
(4) and red (3) to near infrared (4) showed better relationship to the ECe in both old and new 
images. The ratio of middle infrareds 5 and 7 was in the subsequent order of relationship to 
the ECe. The PCAs of bands 3 and 4 and 2, 3, and 4 also had noticeable and meaningful 
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relationships to the ECe. Notwithstanding the many published works, the second and even the 
third components showed better relationships to the ECe than the first component. 
 
Farm Field Salinity 
Interference of green vegetation on salt affected soils' reflectance causes a noticeable source of 
error on salinity prediction. Therefore, the approach implemented in this study is not 
applicable to the salinity change detection in the planted fields. 
As farm field salinization is of a global concern, there is a vital necessity to improve the 
new scientific methods of errors minimization of the remotely sensed data. However, 
considering the collected data as a subsidiary variable in the geostatistical methods to map the 
salinity of farm fields is a promising concept. 
 
Salinization status 
It could be concluded that from the total 1,536,000 ha of study regions, near 500,000 ha have 
become more saline than 20 to 27 years ago. Consequently, salinization is the main process in 
these regions. 
Results showed that the area of non saline and few salinity classes has reduced in all 
regions. Percentages of the reduction varied from 28.8% in Qahavand to 1.42 in Sabzevar, 
with in descending order: Qahavand>Kashan>Qazvin>Sabzevar. However, the extent of 
change (54000 ha) is biggest in Kashan because of its larger total area. In all regions but 
Qazvin, reduction in non saline and few salinity classes was due to an increase in classes of 
higher salinity levels. On the other hand, the increase of salinity has had a hierarchical 
process. 
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